NOTICE 


THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 





VQLUm XX - Af»BH>XCB8 


PIVILOPNENT OP 

CO 2 XA8BR DOPPLER XM8TRUNEMTATZ0M 
<£5 FOR 

DBTBCTXOM OP CLEAR AXR TURBULBMCE 


PXMAL REPORT 

10 PEBRUARY 1972 - 27 DECENBER 197B 


ER78-4392-2 


8«ptttiiib«r 1979 


Under NASA Contrect 


NAS8-28424 


Prepared for 

GEORGE C. MARSHALL SPACE FLIGHT CQITER 

NASA „ 

HUNTSVXLLE, ALABAMA 35812 


By 

C. E. Harris 
A. V, Jelallan 


RAYTHEON COMPANY 
Equipment Division 
Equipment Development Laboratories 
Electro-Optics Systems Laboratory 
Wayland^ Massaclf^letts 01778 








% 










vcwiuii^jx 


TABIJK OF G0NTBIIT8 


AFPBHPne PAGE 

A. CAT Transinlttttr Shock and vibration and A-1 

Flight Crash Safety Mounting Analysis ^ 

CAT Transmitter and Telescope Asswnbly - B-1 

Safety of/^s^light Analysis 

C. Determination of CO 2 Iiaser Attenuation C«1 

Coefficients in Atmosphere 

D. CAT LXDAR Mind Shear Studies D-1 

E. CAT Flight A Teits Data Analysis E>^1 

F. CAT Flight B Tests Data Analysis F-l 

G. Detailed Operating Instructions and CAT G-f 

system Adjustment 



0 




. N 
/ 


APPENDIX A 


CAT TRANSMITTER SHOCK AND VIBRATION 
AND FLIGHT CRASH SAFETY 
MOUNTING ANALYSIS 






*mmtt ••«*' 

DIVISION MISSILE SYSTEMS 

Operation Bodford Laborotoiriop 

Poparlmont Mechanical Syatems Lab 

T»* p. Roberta 



Clet>illc«ri«n 
CenNwt Me. 
OietriNMlM 
FilfM*. 



Shivitz 


MmmN*. NS Lab 72-166 


Suliicct: P.A.T. Tranamittec Shock fj 18 April 1972 

/and Vibration and Flight 
/ Crash Safety Mounting 
Analysis 


Reference : 

(a) 

Raytheon Memo AC- 71-11 dated 29 July 1971 


(b) 

Raytheon Memo MS Lab 72-125 dated 22 March 1972 


(c) 

NASA CV990 Airborne Laboratory Experimenters' 
Handbook 


(d) 

Raytheon Drawings WSSX 32472-1 and JDSK 32472-2, 
3 and 4 - C.A.T. Transmitter Support Frame and 
Mount Supports 


(e) 

"Handbook of Engineering Fundamentals", Eshbach^ 
Second Edition* 1952 


(f) 

"Formulas for Stress and sWain", Roark, Fourth 
Edition* 1965 

Enclosures: 

(1) 

Plot, "Deflection Vs. Static Load, Lord 


BTR-8350-39 Mount" 


(2) Sketch of C.A.T. Transmitter Assembly and Mounting 
Arrangement 

(3) Detailed Mounting Support Flight Crash Safety 
Analysis 

!• Summary - Analyses of the mounting and mount support 
systems verify that satisfactory shock atid vibration isolation 
will be attained. The mount support structure will conform 
to flight crash safety requirements with relatively high 
margins of safety. Restraint cables will reinforce the mounts 
in the critical loaded forward direction limiting maximum 
forward system deflection to 1 1/4 inches. 

11. Mounting Description - The mounting design consists of 
four Lord " BTR- 8 35o- 35 elastomer shear mounts which are 
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oriented at 50° in the vertical plane and at 70° inward 
toward the overall system center of gravity fresn the 
longitudinal direction in the horizontal plane. The mounts 
are geometrically balanced about the center of gravity and 
the mounting system is approximately focalized in the vertical* 
transverse and roll and also in the longitudinal and pitch 
planes. Thus* the transverse-roll and Icngitudinal-pitch 
inodes are relatively uncoupled. 

Restraint cables are located near each of the four mounts 
to prevent excessive motion of and to fully captivate the C.A.T. 
Transmitter system. The cables will limit deflection in the 
critical 9g forward flight crash safety condition to approxi- 
mately 1 1/4 inches. The mounts will limit crash safety load 
deflections in all other directions to less than one inch. 

The principal natural frequencies of the mounted trans- 
mitter system are calculated as follows: 


Node 


Frequencies 


Vertical 9.8 Hz 
Transverse 8.4 Hz 
Longitudinal/Pitch 5.7 Hz 
Pitch 8.9 Hz 
Transverse/Roll 4.9 Hz 
Yaw 6.5 Hz 


The highly damped BTR elastomer will allow only small 
resonant magnification at the above frequencies and vibration 
isolation should be achieved above 15 Hz. 


The maximum physical motions which will be allowed by the 
BTR- 8 350- 39 mounts under normal environmental conditions are: 


Direction 

Load 

Deflection 

Vertical up 

Og 

0 In. 

Vertical Down 

3.0g 

.31 In. 

Forward 

0.5g 

. 15 In . 

Aft 

0.2g 

.06 In. 

Transverse 

±0.2g 

+.03 In. 
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III. Mounting Support Structure - The four mounts are supported 
a framer, structure which bridges across two NASA supplied **Low 
Boy** equipment racks. These racks and also the transmitter 
cabinet and telescope assembly are assumed to have been analysed 
elsewhere for flight safety conditions. Detailed structural 
analyses of the mounting support frame iriiich verify its con- 
forming to flight crash safety requirements are given in 
Enclosure (3) • 
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ANALYSIS o 

INTRODUCTION 

~~ /7 

The moanting framework is construdied primarily of standard 
channels and hent plate structure welded or bolted together. This 
flight safety analysis will cover the relatively critical areas 
of the mounting support structure. Analysis of the transmitter 
frame and the "iLow Boy" equipment rat|cs is considered not to be 
the responsibility of this department. 

■ II 

This analysis will assure that no prrt of the system 
connected directly to the mounting supports will become separated 
from its attach points and create a flying object hasard to 
personnel or aircraft under crash conditions. 


DESIGN LOAD FACTORS 

f " 1 

The design cri^erij|a for this analysis is based on those 
guidelines set fortih i^i section 5.1 of Refeirehce (c) . The 
criteria dictates tnat lithe following load factors, when applied 
one at a time, mustj no4 produce a stress in any element of the 
structure beyond the accepted yield point for the construction 
material. A safety factor of 1.5 is used in the determination 
of the margin of safety. 


. . \ 
Load Direction \ 

Load 

Yield 

Factor 

ultimate 

Forward W 

9.0g 

13. 5g 

Down 

7.0g 

10. 5g 

Up 

2.0g 

3.0g 

Side 

1.5g 

2.25g 

Aft 

- 1.5g 

2.25g 
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APPBHDIX B 


CAT TRANSMITTER 
AND 

TELESCOPE ASSEMBLY 
SAFETY OF FLIGHT Itl^LYSIS 


1 




InticBdactioa 

The following is a safety of flight analysii of 
c.A.T. transmitter and telescope assembly. The transmitte 
structure consists of an aluminum base channel and aluminum 
plates. The channel acts as the main support member while 
the plates act as intermediate supports and enclose the 
transmitter. The telescope assembly is supported at one 
end of thefloase channel. 

The main concern of this analysis is to insure that no 
parts under crash conditions will tear loose and create a 
hazard to the aircraft or personnel on board. 

Paaign griteria 

The design loads for this analysis are taken from Section 
5.1 of the NASA CV 990 Airborne Laboratory Experimenters 
Handbook and are summarized in the table below. A factor of 
1.5 is used to determine the ultimate load factors. 

Load Direction yflOtgr, (YlflAd) Load factor (Ultimate) 


Forward 

9.0 

13.5 

Down 

7.0 

10.5 

3.o( 

\\ 


2.0 

Side 

1.5 

2.25 

Aft 

1.5 

2.25 


/ 
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Sunundry and ConclusAons 

Th« analysis oJ the tranamittesr stracturs slvsws it to be 
stracturally sound with high margins of safsty. An invastiga- 
tion of tha tslsscops housing/ support rings/ sUj^port plats 8/ 
and associatad hardwara show that tha talascopa and its 
installation ara also structurally sound fob flight safaty* 
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Determination of Attenuation Coefficients 

1 

Various researchers have measured the attenuation of CO^ 

/ 1 \ * 

laser radiation in clear weather. McCoy, Rensch and Long' ' 

measured specifically the attenuation due to water vapor which 

is the attenuator of most interest for this a na lysis^ but the 

( 2 ) 

measurements of Shumate et al' ' are for more recent and appear 
to have been made under more carefully controlled conditions. 

t 

Therefore, the data of the latter were used for the attenuation 

due to water vapor. For the CO, attenuation, the values pre- 

(3) ^ 

seated by S. Murty ^ based upon the measurements of P. Yin and 
(i) 

R. Long were included. Finally, the aerosol attenuation values 

(5) 

were taken from McClatchey's data' ' extrapolated to a visibility 
of 12 km. 

The relationship of water vapor pressure to temperature and 
humidity is shown in Figure C-1. It is apparent that the water 
vapor pressure during the summer is often above the highest pressure 

•j 9 

of the Shumate measurements which was 15 Torr. For example, a 
temperature of 95°F and a relative humidity of 95 percent produces 
a water vapor pressure of 40 Torr. Therefore, the data had to be 
extrapolated to the pressures of interest, but in order to do it 
accurately, the relationship between attenuation and pressure must 
be known. The relationship is assumed to be quadratic. 

jj = Ap + Bp^ ‘ (1) 

where u is the attenuation coefficient, p is the water vapor partial 
pressure, and the coefficients A and B depend upon the total pressure. 
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Figure C-jp. t; Water Vapor Pressure as Function of Temperature 
( and Humidity. One cm of « 10 Torr. 



Atmospheric Attenuation of co^ 
haser Radiation in Clear 
Weather 

( 

The atmospheric attenution coefficients were determined for 
selected emission lines of the CQ^ laser in clear weather as a 
function of ^temperature and relative humidity at sea level. The 
lines of specific, interest for this analysis are the P(16)r P(18), 
p(20), P{22), P(24) and p(26)° lines of the 10.4 micron branch, 
but other lines were also briefly examined. 

The conclusions of the analysis are: 

1. Attenuation coefficients for the P(18), P(20), P(22), P(24) 
and P(26) lines are generally within 0.5 dB/km (each way) 
of each other, with the P(20) line the worst and the P(26) 
line the best of this group. The P(16) line, however, 
attenuates by a somewhat greater amount - 0.5 to 2 dB/km 
more depending upon humidity - and should be avoided. 

Figures C-2 and 0-^3 compars the attenuation for different 
P-lines. 

2. Typical attenuation values vary from 1 dB/km\j=each way 
in an 11 Torr water vapor pressure atmosphere (e.g. , 

T « 70*^P, R.H. a (30%) to 6 dB/km each way in a 40 Torr 
atmosphere (e.g., T « 95‘^p, R.ll. * 95%). For a 5 km path 
the corresponding atmospheric losses range from 10 to 60 
dB round trip. Figure C-4 shows the variation of atmospheric 
attenuation with range. Figures C-5 and C-^6 show the varia^- 
tion with temperature and humidity for two specific p-lines, 
p(20) and P(26), which bracket the attenviation for the five 
lines from P(18) to P(26), 

3. Under humid conditions, water vapor is the dominant 
attenuator, in a clear dry atmosphere, CO 2 is the dominant 
attenuator. Finally, under foggy conditions the aerosol 
scatter becon\es dominant, but note that the fog must be 
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Figure C-2. Atmospheric Attenuation Coefficient for 
10.6 Micron CO Laser Lines at Sea Level, 
100% Relative Humidity 
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Figure C-3. Atmospheric Attenuation Coefficient for 
10.6 Micron CO^ Laser Lines at Sea Level 
60% Relative Humidity 
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ATMOSPHERIC ATTENTION COEFFICIENT, ONE-WAY 
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Laser Radiation in Clear 
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Atmospheric Attenuation of CO 2 
Laser Radiation in Clear 
Weather 



fairly thick before the aerosol extinction exceeds 
the water vapor attenuation at warm temperature. A 40 
Torr clear atmosphere (e.g., T *= 95°^ and R.H, - 95%) 
produces roughly the same attenuation as a 150 meter visi- 
bility fog. 

4 . The 9 . 4 micron branch and selected R lines of the 10 . 4 
micron branch suffer substantially less attenuation 
under hot and humid conditions than the P lines of 
the 10.4 micron branch. Differences may reach 5 to 10 
dB/km round trip. Thus, laser operation on these other 
lines should be considered for hot, humid environments 
even though the efficiency is lower and; the laser is 
more complex. 
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CAT LIDAR WIND SHEAR STUDIES 


3- introduction 

Three major commercial aircraft accidents occurring during the 
past several years, and linked by the National Transportation Safety 
Board to wind shear, have demonstrated the serious threat this pheno- 
menon represents to safe aircraft operations in the terminal area. 
These accidents were: Iberian Airlines DClO-30, Logan International 
Airport, December 17, 1973 (accident occurred on landing) ; Eastern 
Airlines, B727-225, JFK International Airport, June 24, 1975 (accident 

occurred on landing) ? and Contihental Airlines B727-224, Stapleton 

(3) 

Airport, August 7, 1975 (accident occurred on takeoff) . 

Remote ground-based sensing of wind field characteristics repre- 
sents a possible solution to the wind shear hazard. Ground-based 
equipment has the advantage over airborne equipment of (1) providing 
information to general aviation aircraft for which airborne wind shear 
avionics may be economically unfeasible and (2) alerting the pilot 
prior to takeoff or prior to entry into hazardous shear (on landing) 
thus avoiding the hazard completely or allowing a timely go-around 
maneuver. 

CO 2 pulse Doppler LIDAR has been recognized ks a viable candidate 
for the remote ground based detection of wind fields. As part of the 
CAT system improvement studies, the application of the MSFC CAT LIDAR 
(and improved versions of this sensor) have been examined as possible 
wind shear sensors. 

The studies have considered the major meteorological factors 
producing wind shear, methods to define and classify wind shear in 
terms significant from an aircraft perturbation standpoint, the signi- 
ficance of sensor location and scan geometry on the detection and 
measurement of wind shear and the tradeoffs involved, ip^sensor per- 
formance such as range/velocity resolution, update frequency and data 
averaging interval. This memo summarizes the study results. 


2. SHEAR PRODUCING WEATHER CONDITIONS 

U 

The three most significant weather phenomena causing hazardous 
wind slhear are thunderstorms frontal systems and low level temper" 
ature inversions. The flow fields accompaning these phenonena are 
characterized in Figures D-1, D-2 and D-3. 

The gust front preceding a thunderstorm is characterized by high 
turbulence, strong updrafts and downdrafts and large shear producing 
Windshifts. MoreovSFr the gust front can precede the storm itself by 
10 or more miles 

' Frontal systems are dangerous to aircraft when they are mbving at 
speeds greater than 30 knots and have temperature differences across 
the front of 10*^P or greater. Wind shifts occurring across and along 
the frontal surface produce wind shear. Normally the most severe 
shear from a "‘^old front occurs just after frontal passage, eunversely , 
the shear created by a warm front occurs just prior to passage of the 
front, (i.e., on the cooler side of the front in both cases). Warm 
fronts are normally much shallower in slope than cold fronts. This 
fact is discussed more completely in a later section, but essentially 
it results in warm front shears being encountered with a vertical 
change in position (approximate horizontal striation of the air mass) 
and cold front shear being encountered with a horizontal change in 
p^ition (approximate vertical striation of the air mass) . 

3. WIND SHEAR DEFINITION 

In general, wind shear is a change in wind velocity with position 
or time. Since wind shear is normally measured by instrumented towers, 
it is commonly given as the change in horizontal wind speed occurring 
over some height interval. From an aircraft performance standpoint 
the concern is with the change in aircraft airspeed induced by changes 
in the wind field occurring between points on the flight path. This 
is true whether the aircraft is landing, flying level or climbing 
out as shown in Figure D-4 . 


D-3 




Figure D-2. Typical Front Threat. 








Compared to the component of wind along the flight path, the other 

components are lesser concern to the pilot since they do not directly 

affect airspeed. These are the cross wind component (causes lateral 

drift) and the vertical component (updraft/downdraft) . The latter 

aj!?e known to be severe in conjunction with major thunderstorm activity 

and probably were significant in the Eastern crash at Kennedy inter- 

( 2 ) 

national Axrport' ' , 

If we assume that the aircraft in Figure D-4 is trimmed for un- 
accelerated flight at point one, and is accelerated by the wind 
variation between points one and two; the airspeed change or wind 
shear between points one and two is equal to the difference between 
the vector wind at one and two projected along the flight path, 

(A)-.')/ t 

Pichtl' ' gives the following expression for AV^: 

AV^ = (Au 4 Au' ) sin Y cps 6 + A sin Y sin G + Aw ' cos Y (1) 

where 

Au = u (Zg) - u (z^) 

Au' = n' - u' (x^, y^, z^, t^) 

Av' = v' - v' (xj,yj,z^,tj) 

= yf/* (x^,y^,z^,t^) w' (Xj,yj,Zj,tj) 

and u (z) = the mean wind speed at height (z) 

u', v', w' are the x, y, z components of the turbulent velocity vector. 
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Equation (1) is the total wind change between points one and two 
along the aircraft's flight path. As previously mentioned, wind shear 
is normally expressed as the change in horizontal wind between two 
different heights? in the aircraft case {where the aircraft can be 
flying level, climbing or descending) a more suitable measure is the 
wind change, AV^, divided by either the time of flight betweeri points 
one and two or the distance along the f, light path between points 
one and two (Ad) as shown on Figure D-4. In the former case, the wind 
shear would be the wind change (or airspeed change induced by the 
wind) expected per unit time , while in the latter case , the shear 
would be the wind change per unit distance along the flight path. 


{WS), = 


(VFj) 


(WS), 




( 2 ) 


For convenience of reporting, shears could be referenced to some 
convenient value of time or distance, e.g., 1 min. or 1000 meters, 

= (^j) • 

(3) 

AV. 

0^)d “ f3~Id ) * 

2 1 


Equations (3) are suggested as appropriate indices for express- 
ing wind shear magnitudes. They are particularly well suited to 
being measured by glide slope scanning sensors. 

The above wind shear indices are compared with the ICAO standard 
wind shear categories in Table D-1, for an aircraft landing along a 
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tliree degree glide slope at 125 kts (64 .4m/sec) , The ICAO wind shear 
categories are rvelated to the variation of the horizontal wind (m/sec) 
in a 30 meter height interval. 


TABLE D-1 

INDICES FOR WIND SHEAR SEVERITY 



Wind Shear Parameter 



Height Related ? 

Aircraft Related 

ICAO Category 

m/sec /30m alt. 

(W5)^, m/sec/60 sec 

(WS) m/sec/ 1000 m 




range 

Light 

0-2.5 

0-16.9 

0 - 4. 4 

Moderate 

2.5 - 4. 5 

16.9 - 30.4 

4.4 - 7.9 

Strong 

4. 5 - 6. 0 

30.4 - 40.6 

7.9 - 10.5 

Severe 

>6.0 

>40.6 

>10,5 


Describing shear in terms of the wind change that occurs over 
some distance along the flight path or over some elapsed time appears 
more suitable than using the ICAO standard approach. The shear so 
described relates directly to aircraft performance changes and is 
readily obtained from the output of a glide slope or quasi glide 
slope sensor. The method is not as compatible with vertical probe 
(VAD) type sensors, that generate information similar to tower data. 
The glide path indices can be computed from vertical probe data pro- 
vided horizontal homogeneity of the wind field is assumed. 

4. AIRCRAFT PERTURBATIONS DUE TO SHEAR 

In order to assess aircraft glide slope excursions due to wind 

shear without resorting to numerical integration of the aircraft 

0 

equations of motion a simplified model for computing these excursions 
was derived. 

The algorithm, which gives reasonable predictions for short 
duration flight (10-15 sec maximum) in uniform shear, assumes that 
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the headwind/tailwind varies linearly over some altitude or equivalent 
glide slope distance. 


The perturbations are computed along (s) and normal (n) to the 
glide slope as shown in Figure D-5. The aircraft is flying at a velo- 
city of and is assumed to be trimmed for unaccelerated flight 
along the glide slope. The perturbations 1 acceleration (n) in a 
direction normal to the glide slope experienced by an aircraft in wind 
shear relative to an aircraft experiencing zero shear is given by; 


n 


w 


1 

I 



2 

^SHEAR 



NO SHEAR 


) 


(4) 


where g 
w 



= the gravitational acceleration 
= the aircraft weight 
= the aircraft lift coefficient 

= the atmospheric density 
= the aircraft reference area 


V = the aircraft airspeed in a wind shear environment 

^SHEAR 


V = the aircraft airspeed in a zero wind shear 

^NO SHEAR environment 






In a wind shear that varies linearly with altitude or distance along a shallow 
glide slope (typically -3°), the aircraft airspeed variation can be written: 


V ^ V - V t 
^NS ^ 


where is the rate of change of tailwind Speed with time (dV^/dt) 


Substituting- E*iuati on 5 into 4 and simplifying 


n = Blkr -2 


^ t t 

^a P^a 

^NS V ^NS 


integrating 


L 

S W" 


II V 

3 [T~ 


I V 


For an aircraft trimmed for landing L/W « 1 and since the second 
term in brackets is « the first term. Equation (7) can be simplified 


n - g 


- ) 

\ ^NS/ 


Furthermore, since V 


dV dV , 

w _ w . ds j 

at ar- ar * 


ds 

, .I, CM V 

dt a. 


V = — 

W ds 
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Substituting Equation (9) into (8) 



t <10-15 sec 


( 10 ) 


Equation (10) is an approximate expression for the short term de- 
parture of an aircraft above or below the glide slope, for a linear 
change in tailwind, expressed as the change in tailwind (AV^) over 
some distance (As) along the glide slope. For the sign convention 

assumed, AV , is positive for an increase in tailwind (decrease in 
w 

headwind) and vice versa. Equation (10) has been used for assessing 
critical glide slope departures due to shear. 

5. CO 2 DOPPLER LI PAR DEPLOYMENT ALTERNATIVES 

COg Doppler LIDAR systems for use at airports for wind shear 
detection can be sub-divided into short and long range applications. 
Short range applications include the operation of CW Doppler LIDAR 
in a VAD mode. For long range applications pulse-Doppler systems 
are applicable. Pulsed Doppler LIDARS (of primary concern in this 
memo) can be further sub-divided into glide slope or quasi glide 
slope wind scanning systems and central airport wind shear surveillance 
systems. A surveillance sensor would present data similar to a weather 
radar, but presenting wind Doppler information. Shear surveillance 
data would be obtained by scanning continuously in azimuth or over a 
selected azimuth sector at a shallow elevation angle. 

6. SYSTEM MEASUREMENl^ TRADEOFFS 

Involved in the design of a wind shear system are questions 
concerned with data averaging and (for pulsed systems) the choice of 
a pulse length which gives a reasonable compromise between system 
velocity and range resolution. 

A hypothetical glide slope wind measuring system might consist 
of an array of anemometers mounted on towers spaced evenly along the 
aircraft flight path. Neglecting for the moment the impracticality 
of such a system, data collected from the anemometers would represent 
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an average based upon some time Interval. The time interval would be 
chosen as long as possible in the interest of smoothing noise, but 
not so long as to disguise the minimum size wind variations of interest. 
Also, the anemometer spacing would be chosen to include wind variation 
wavelengths that significantly affect the aircraft flight path. 

The tradeoffs for a LIDAR system scanning the glide slope are 
concerned with similar questions, choices of data integration and 
averaging intervals as well as velocity and range resolution. A 
liIDAR system looking up the glide slope would be required to resolve 
shear gusts (changes in wind along the aircraft path) that result in 
significant aircraft departures from the glide slope. 

Although incomplete at this time, some data does exist on the 
history of maximum wind shears observed at particular stations. 

Page 319 of Reference 5 contains applicable data including the effects 
of averaging interval on the maximum recorded shear. This data present- 
ed in Figure D-6 was assumed to be typical of what might be observed at 
an airport. 

For each interval, the average shear listed can be interpreted 
as the maximum average shear over the interval. The product of this 
maximum average shear and the averaging interval (At), • At, can 

be considered the maximum wind shear "gust impulse" that an/aircraft 
would experience in that time interval. 

This data can be easily converted to the expected air speed 
change if a homogeneous atmosphere is assumed and the glide slope 
and aircraft speed are known. Furthermore, through the simplified 
equation for predicting aircraft perturbations in shear (Equation 10) 
the maximum aircraft glide slope departure as a function of averaging 
interval can be determined. A minimum significant averaging interval 
can then be defined. 

Figure D-7 presents the maximum glide slope departure (from Equa- 
tion 10), obtained as a function of averaging interval for the worst 
shear data of Figure D-6, 

An allowable aircraft glide slope departure was assumed to be a 
1/2 scale deflection of the glide slope needle at a distance from 
touchdown of 1/2 nmi. This corresponds to a 19 ft. glide slope departure 
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Figure D— 7. Maximum Gli<3e Slope Departure vs. 
Averaging Time 
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or an averaging time of 5,1 seconds based on the data of IPigure D-^, 

This means that, if an aircraft flying at 125 knots encounters the 
maximum average shear measured in the data of Figure D-6 for a 5.1 
second interval, a glide slope departure of 19.1 feet will occur. If 
the data are averaged over an interval greater than 5,1 seconds, wind 
changes will be excluded that can produce departures of greater than 
19 feet. If data are averaged over an interval less than 5.1 seconds, 
wind changes will be measured to a resolution greater than the 
assumptions require, , 

In 5.1 seconds at 125 knots, an aircraft will travel 328 meters. 
Prom Figure D-6, the sensor must be capable of resolving- a shear of 
17,4 ft/sec/100 ft (altitude). Along a glide slope inclined at 3 de- 

O ■*.’ c, 

grees, this amounts to a wind shear of 3 m/sec in 328 meters (9,1 m/s(^c/ 
1000 meters) . ' , ' 

Ct> 

At the CO 2 wavelength, a 2 usee pulse length corresponds to a 
range resolution of 300 m and a velocity resolutiqh of 2^65 m/sec. 
Therefore, a pulse Doppler LIDAR (including the present CAT system) 
operating at a pulse length of 2 ysec is reasonably compatible with 
the required resolution requirements. Processing to improve velocity 
resolution over the unprocessed 2.65 m/sec value would be desirable 
to improve accuracy. Using a system with a shorter pulse and 
matched filters would result in reduced signal-to-noise ratios as a 
result of the smaller sample volume. It is desirable to utilize the 
loi^gest pulse consistent with the laser technology and the resolution 
desired. It happens in this application that the,, technology and the 
system requirements resolution coincide at approximately 2 usee. 

To summarize, a preliminary analysis has shown that a CO 2 pulse 
Doppler LIDAR operating in a glide slope mode must be capable of 
resolving wind gust impulses of approximately 3 m/sec over a range 
cell of 300 meters in order to detect wind changes causing glide slope 
departures equivalent to a 1/2 scale deflection of the glide slope 
instrument at a distance 1/2 nmifrom touchdown. Data may be averaged 
for up to 5 seconds and still identify wind shear gusts to the re- 
quired resolution. 

No attempt was made to examine the processing required to extract 
the change in wind or Doppler velocity within a resolution cell. One 
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method would be to difference the mean Doppler from adjacent reso- 
lution cells. Likewise, within a resolution cell, it may be possible 
to extract the change in Doppler jbased on knowledge of the mean and 
higher data moments. 

Useful information concerning the applications and requirements 
for a CO2 pulse Doppler LIDAR wind shear sensor can be obtained if 
the Doppler returns from realistic wind fields are examined as a 
function of system parameters such as sensor location, scan geometry, 
scan update interval, etc. 

To provide this insight, the returns measured by a sensor situ- 
ated at the touchdown location and looking up the glide slope , as 
well as a sensor displaced from this location, but still looking in 
the general glide Slope direction have been examined. 

Two wind fields were selected. The first, shown in Figure D-8, 
is representative of the thunderstorm gust front outflow model used 
by the FAA in studies of aircraft perturbations due to shear. This 
wind field is horizontally homogeneous and stationary and, therefore, 
the wind characteristics are independent of horizontal position (x,y) 
and time and vary only with altitude (z) . As pointed out by Fichtl^^^ 
these conditions are rarely realized in the atmospheric boundary layer 
because of significant variations in surface roughness and heat- 
transfer properties in the horizontal. 

The second model wind field was selected from Reference (6) 
and represents the actual wind field measured in a plane defined by 
an instrumented tower and the mean wind velocity during the passage 
of a thunderstorm front. The temporal variation of the three com- 
ponents of wind measured at several heights along the tower were re- 
corded and smoothed to produce two-dimensional contour plots of the 
3-components of velocity, temperature and the streamline geometry. 

The temporal data was convorted to spatial data using 'I'aylor's hypo- 
thesis. This wind field data (case G of the reference) are shown in 
Figure D-9. 
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Figure D-9, Temperature ar}d Wind Stream Characteristics 
Measured During Frontal Passage 
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The two model wind fields represented in Figures D-0 and D-9 were 
used to analyze the Doppler velocity measured along the sensor line- 
o£-sight (LOS) as it was directed up the glide slope, and also as the 
LOS was directed in the general glide slope direction, but with the 
sensor displaced from the touchdown location in the down runway 
direction. Doppler data were also examined for both sensor locations 
when the beam was scanned laterally (wind field of Figure D-8 only) • 

For simplicity, the sensor was kept aligned with the runway center- 
line in all cases. The pffects of laterally offsetting the sensor 
from the runway centerline by an amount meeting FAA installation 
standards are expected to be small. 

Figure D-10 was® developed from the data of Figure D-9 assuming a 
glide slope angle of 3 degrees and an aircraft speed of 125 knots. 

Ohe figure compares the Doppler experienced by the aircraft as it 
flies down the glide slope (heavy curve) with that measured by a 
^ glideslope sensor located at the touchdown point and directed up the 

* glide slope. The four lighter curves represent the Doppler observed 

by the sensor at zero time when the aircraft is at a distance of 7.5 

I 

kilometers from touchdown and at times of 1, 2 and 3 mxnutes. 


5 For the gust front examined, the tailwind observed by the air- 

I F..A 

craft begins at' a distance of 7500 m with a value of approximately 
! 18 m/sec, increases slightly at first to a value of 22 m/sec before 

dropping sharply to a tailwind of 4 m/sec at touchdown. This varia- 
, tion in tailwind causes an initial drop below the glide slope, followed 

I 

I by an increase in airspeed (decrease in tailwind) causing a performance 

increase or a rise above the glide slope. 

I 

! , The magnitude of the shear experienced is shown by the slope of the 

shear magnitude scale in the lower right hand portion of the figure. As 
I ^ shown, the performance increasing change in tailwind would be classified 

as a severe shear by ICAO standards and would obviously precipitate a 
\ go-around maneuver. 

i j 
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NSSL-75 CASE « WINDFIELD 




The front in this particular case is moving at a speed of 11.8 m/ 
sec past the sensor. The aircraft time of flight from a range of 
7500 m to touchdown is 113 seconds. At zero time, the Doppler observed 
by the glide slope sensor matches the aircraft Doppler for the first 
few thousand meters beginning at zero flight time. Similarly, at 
1 minute the sensor observed Doppler is similar to the aircraft 
experienced Doppler near touchdown. At 2 minutes, the front is begin- 
ning to move past the sensor? and at 3 minutes, the sharp wind change 
associated with the front has moved past tlKe sensor. 

Several points can be made based on the data of Figure D-lO, 

First, a glide slope sensor with zero minimum range capability ade- 
quately predicts the airspeed changes experienced by an aircraft fly- 
ing the same slope in spite of temporal differences. Secondly, a 
surveillance sensor scanning 360° in azimuth and updating on the order 
of once each minute would adequately track this particular front 
(frontal speed 11.8 m/sec) as it moved through the airport area. 

Because of the finite minimum range time of the CAT and other 
CO 2 pulse boppler LIDARS (approximately 15 |is for CAT) , the second 
situation examined assumed the sensor to be displaced down the runway 
by a distance of 2000 meters. The data for this case are shown in 
Figure D-11 . 

The sensor LOS was directed to pass through the aircraft glide 
slope at a point immediately above the » middle marker as shown in the 
sketch in the lower right hand corner of the figure. Note that rai ge 
is referenced to the touchdown location. Again, the sensor adequately 
predicts the airspeed changes along the glide slope. It should be 
observed that one reason the wind field is adequately measured by 
the displaced sensor is that the wind field is vertically st^riated 
(see lower curve of Figure D-9) , For a horizontally striated wim^ 
field, as represented by the wind field of Figure D-8, this is not 
true . ■ 


= 11.8 M/SEC 



The horizontally homogeneous wind field depicted in Figure D-8 
was used to examine the Doppler characteristics measured by a glide 
slope sensor located at touchdown and also displaced from touchdown 
as the beam was scanned in azimuth. A significant difference between 
this wind field and that discussed earlier is that it is horizontally 
homogeneous and therefore is striated in horizontal layers not dis- 
similar to what might be expected from a thermal inversion and the 
shallow slope of a warm front. (Note in Figure D-8 the bulge in 
horizontal wind at the 150 meter altitude region.) This characteris- 
tic of the wind field causes significant changes in the measured 
Doppler as the sensor location is displaced. 

Figure D-12 depicts the Doppler wind field obtained when the 
LIDAR beam is scanned at an elevation of 3 degrees between d: 45 degrees 
in azimuth for a sensor at touchdown. 

Figure D-13 presents the same information for a sensor displaced 
from the touchdown location by 1524 meters in the down runway 
direction, and as indicated on the figure, scanned through a point 
on the glide slope directly above the middle marTcer. For compati- 
bility with Figure D-12, the sensor offset from touchdown (approxi- 
mately 1524 m) was subtracted from the range magnitude and the range 
of azimuth angles was varied to encompass approximately the same 
physical area as depicted in Figure D-12. 

Comparing the two figures, the effects of the horizontally 
striated wind field causes the peak wind Doppler contour (12 m/sec) 
to occur at different ranges and to be stretched in range. If the 
atmosphere were truly homogeneous, this distortion could be processed 
out. As previously mentioned, in the atmospheric boundary layer, 
this is not often a correct assumption. 

The difference between the two scans in terms of the wind Doppler 
they predict for an aircraft flying down the glide slope is shown in 
Figure D-14. It is seen that the displaced sensor erroneously predicts 
the Doppler onset rate. This particular wind field, truly horizontally 
homogeneous, would be easily sensed by a conically scanned VAD type 
LIDAR system. 
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Figure D-14. Doppler Wind Prediction of Two Sensors 


The possibility of utilizing an adaptive glideslope sensor 
consisting of a system normally directed up the glideslope, but 
periodically scanned in azimuth was also examined. The primary 
mission of the adaptive system would be to provide detail wind- 

0 O 

shear information along the approach path but a secondary capability 
of warning of approach of frontal systems fxdm the side would 
also be provided. 


The adaptive glideslope system would be located just off the 
runway at the runway midpoint. At this location both ends of the 


runway could be scanned depending on the direction of use. The 


nominal scan elevation angle would be directed to intersect the 
glideslope at some no^xihai range similar to the sketch shown on 
Figure D-13, 


The feasibility of an adaptive system depends upon the ability 
to collect lateral information while performing the main function of 
tracking the expected air speed changes along the approach path. 


A typical scan history might provide a duty cycle of 80 per- 
cent, i.e. 80 percent of the time would be spent performing the 
primary mission of providing glideslope data and 20 percent would 
be spent in providing lateral (approaching windAeld)- information. 
Curing the lateral m,(^de a uniform azimuth scan rate at a fixed ele- 
vation angle (perh^s thfe same angle as in the glideslope mode) 
Would be uti Id zed. ® 


Figure D-15 presahts the maximum, ;^ahgu la r scan rate possible as 


a function of range for 12 i^mh and 18 inch aperture LIDARS based 

C-, 

on lag angle^^cbnsiderations. The maximum scan rate for a 12 inch 
aperture^system is 25 deg/sec for a 10 kilometer range and 12,5 
deg/sec for a 20 kilometer range. The time required to scan 360 de- 


grees in azimuth is 14.4 seconds (10 system). With-an 80 percent 


duty cycle this amounts to 57.6 seconds for tracking along the 
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glideslope followed by a 14.4 second azimuth scan or a total time 
of 72 seconds. For a 20 km system, a total of 144 seconds is re- 
quired with 28,8 being used for the aximuth scan. Table D-2 lists 
the separation of sample points for various PRP values. 


TABLE D-2 

SAMPLE SEPARATIONS FOR AZIMUTHAL SCAN 


PRF 

Anaular Seoaratidn (mrad) 

Linear Separation (m) 


10 km 

20 km 

10 km 

20 km 

200 

2.3 

4.6 

23 

92 

100 

4.7 

9,4 

47 

188 

wvr 

9.3 

18.6 

.9f3, 

372 

20 

23.3 

46.6 

233 

932 

10 

46.6 

93.2 

466 

1864 


In order to predict the time of arrival of windshifts, frontal 
systems must be tracked as they approach. This requires at least 
three and preferably four looks at the frontal system during approach. 

Table D-3 summarizes the number of looks possible as a function of the 

cross runway approach speed of the storm. Note that the number of 

looks is independent of the sensor range due to a corresponding 

change in cycle time and maximum scan rate,» " 
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TABLE D-3 

NUMBER OF STORM OBSERVATIONS 


Storm Approach Speed 

Number of Looks (Scan Cycles) 

(MPH) 

1 ) 

10 

30 

20 

15 

30 

10 

40 

7 

i'. " 

60 

5 


Table D-3 shows that, even for storms that approach at high speed, 
the number of loolks is adequate to track the storm during approach, 

The drawback to the adaptive scan system is that it causes periodic 
interrupts to the wind shear data along the approach path. Based on the 
data of Pigui^es D-7 and D-8 which show the Doppler windfield changes as 
a function of time and the previous analysis concerning lateral storm 
transport, the Doppler wind speed versus range measured by the sensor 
is not expected to vary considerably during the 14.4 seconds spent 
performing the azimuth scan (10 km range case). 

The adaptive scan system appears to be a reasonable approach to 
providing coverage to both ends of a runway while simultaneously 
providing warning of frontal wind shifts approaching from across runway 
direction. A system with a maximum range capability of 10 kilometers 
provides an adequate number Of looks for frontal systems approaching 
even at high speeds. Other than providing improvement in velocity 
resolution, pulssf repetition frequency increases from 20 Hz to 200 Hz 
are not expected to affect the results indicated. 
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INCLUSIONS 

A Study of the application of a CAT type CO 2 pulse Doppler LIDAR 
as a wind shear sensor has been examined. The study has shown that 
the resolution characteristics cf such a sensor operating at a pulse 
length of 2 us are reasonably compatible with the minimum wind shear 
gust measuring requirements predicted by available data. Such a 
sensor could be applied to general wind field Doppler surveillance 
by locating the sensor at the airport center and scanning in azimuth 
out to maximum range. Adequate update capability is available with 
a 12” aperture system. At a maximum range of 10 km the system can 
update every 14 seconds, thus allowing the tracking of wind shear 
storms through the airport area. 

Other deployment alternatives include providing glide slope 
wind Doppler information. In this case, the present CAT sensor must 

be displaced from the touchdown location by the minimum range capa- 
bility of the system (approximately 2250 meters) . Data from such a 
system would be in excellent agreement with actual aircraft experienced 
Doppler provided the wind field is vertically striated. In a hori- 
zontally striated wind field the glide slope sensor could be used, 
but would have to be scanned in elevationijknd range to obtain wind 
Doppler data along the actual glide slope. It should be noted that 
in cases of horizontally homogeneous wind fields (low level inversion 
and most warm fronts) the CW CO 2 Doppler LIDAR is also a viable sensor. 
Future application of the pure glide slope sensor could lead to fully 
automated landing capability where the feedback of the LIDAR obtained 
wind Doppler could be used in real time for insertion into the auto- 
pilot/autoland system. The latter qould provide near all 
capability and therefore only one runway (both ends) might be instru- 
mented to service an entire airport thereby reducing the system cost. 
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The S/n equation for a ground target may be expressed as 


s/n = 


\ ^SYS ^ATM ^ ^ 

r o ^2\21 

32hv K R + ’z — 

\4X / J 


(Reference 1) 


where 


= detector quantum efficiency (0.08) 


Tigys “ system efficiency 

= atmospheric efficiency 

= energy/per pulse 

D - optics diameter 

CT = effective target cross- 

o section 


( 0 . 2 ) 


(5mj) assumed 
(1 ft) 

(3.5 X lO"^) 


hv = Planck's constant x transmitter 


frequency 

= filter mismatch ratio 
= ' target range 
= operating wavelength 


(1.9 X 10 ) 


(ft) 

(3.3 X lO"^ ft) 


Target Cross-section 

Target cross-section measurements were previously per- 
formed in the laboratory (Reference 2) for a belt sander. 





'V- . - 

f> 






PROOUCT " I )i 

EXCELLENCE iJl it 

RROORAN iJ i 



This resulted in a being equal to * 3.5 x 10 at a depression 

angle of 45°, Assuming a lambertian scattering function and compu- 

o 

ting this value for a scattering angle of 10 — typical of the glide 

. -2 
slope angle during the Edwards dive bombing tests, o = 6,4 x 10 

Sand from the Edwards Dry Lake area has been collected and re- 
flectivity and scattering tests were performed to provide more 
accurate target information. Results from this test indicated 

that the Edwards Dry Lake reflectivity was 0.022 per steradian 

, o 

for measurements around the nominal 10 depression angle of the 
dive bombing tests. 

The target cross-section a may be expressed as 

a = 47 t p(tt) A^ 

' B 

where: d(tt) = target reflectivity (ster 

A^ = area of the transmitter beam 
B 

Additionally the effective target cross-section may be 
expressed as 



and may therefore be calculated to be 0.27, For the theoretical 
comparisons utilized in the data to follow, this reflectivity data 
was not available and a was computed from the flight test data 
(see Calculation Table II) . 

I In-flight data taken on 8/29/72 and 9/6/72 over Edwards 

jJ C 

ySry Lake, California and Carson Sink, Nevada respectively, were 

y/' 

analyzed for the purposes of determining system performance 
during the flight tests, {See Figs. E-1 and E-2.) A typical run 
consisted of the aircraft climbling to 15 — 20K feet and then de-' 
scending at an approximately 10° dive angle to the desert floor. 
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Figure 1 , 

CAT night #13 
6 S»pt. 1972 
Careon Sink, N#v 
Level Rune 

Scale 1 1 250, 000 


/« 4 « ^ 

\ *»*o*4% 


length press, alt. 

HT. ABOVE GRT 

21.8 N.M. 8,000 ft. 

„ 4,000 ft. 

18 N.M. 10,000 ft. . 

6,000 ft. * 
!3 N.M. 12,000 ft. 

^ „ 7,000 ft. 

7 N.M. 12,000 ft. 

^ ^ 8,000 ft. 

* N.M. 14,000 ft 

10,000 ft. 
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figure E-1. CAT Flight No. 13, Level Runs 
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EDWARDS TEST DATA 


{? 


8/29/72 RUN 15 FLIGHT 9 


RANGE 

N.Mi. 

^ = 
K.FT. 

3.1 mj PRP = : 

PICTURE data dB 
MAX MIN TYP 

130 pps 
RANGE 

N.Mi. K.Pt. 

p 

AVG 

s/N 

dB 

= 400 mW 

INFLIGHT 

RATIO 

5.5 

33 

10 

4 

6 

5.5 

33 


4 

4.6 

27.6 

10 

6 

8 

4.5 

27 

10 

10 

3.5 

21.0 

16 

10 

12 

3.5 

21 

12 

16 

3.2 

19.2 

12 

10 

10 

2.5 

15 

22 

162 

2.2 

13.2 

22 

10 

20 

1.5 

9 

25 

316 

8/29/72 

RUN 12 


PLIGHT 9 






II 

3.4 mj 


P = 

AVG 

440 liW 




5.8 


8 

6 


6 

36 

7 

5 

5.6 


8 

6 

5 

4.8 

28.8 

12 

16 

4.8 


12 

6 

8 

3.8 

22,8 

15 

32 

4.0 


15 

10 

11 

3.3 

19.8 

20 

100 

3.1 


19 

12 

10 

2.5 

15.0 

18 

63 

2.5 


18 

7 

16 

2.0 

12.0 

24 

250 

2.0 


24 

10 

18 





1.6 


26 

8 

22 





9/6/72 


RUN 7 

„ 

PLIGHT 13 







5 mj 


P = 

AVG 

700 mW 

PRP 

= 140 pps T 






2 "" 

12 i, 

35 

3140 






3 

18 

30 

1000 






5.8 

34.8 

15 

31 






8 

48 

10 

10 






10 

60 

8 

6.3 






14 

84 

3 

2 



o 


8 



\ 

t ^ 





}: 





During this descent, S/N ratio as a function of range was recorded 
from real time observation of the A-scope display. 

Utilizing data in calculation Tables I and II and the S/N ratios 
measured in flight, the data in Figures E-3, E-4 and E-5B are 
plotted. Photographs of in-flight data for Flight 13, Run 7 on (f 
9/6/72 are presented in Figure E-5A, 

Normalizing the atmospheric attenuation data to the one- 
mil^ rang© point for arbitrary values of absorption of 0.5 dB/RTKM 
and 1.0 dB/RTKM noted in Figure E-6, one may observe that the 1,0 
dB/RTKM attenuation coefficient closely approximates the actual 
flight test data in Figures E-4 and E-5B, Calculation based upon the 
temperature and humidity noted for this flight and utilization 
of the McCoy, Rensch, and Long data. Reference 3, also computed 
to be approximately 1 dB/RTKM at sea level, why and if this effect 
exists across the total path is surprising and should be evaluated. 

O 

Future evaluations will be directed at this area. 
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Figure E-3. Theory and Flight Test Data Results 
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S/M RATIO 
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Figure E-4. Flight Tests Results Over Edwards Dry Lake, California 




FLIGHT 13 RUN 7 9/6/72 OVER CARSON SINK 

VERTICAL AXIS lOdB/CM 
HORIZONTAL SCALE 7 or 14 MILES 


Figure E-5A. Flight 13, Run 7, 9/6/72 Over Carson 
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Figure E-b. Atmospheric Absorption vs Range 





Soft Target Analycis 


The s/n ratio for a pulsed unfocused system may be ob- 
tained from Reference to be 


s/n 


^SYS ^ ^ 


-1 "^^^2 -1 

TAN — 2 — 2 

irD ttD J 


ATM 


2hvK 


where 


s= detector quantum efficiency (0.08) 

•p _ = system efficiency (0.2) 

’IftTM = atmospheric efficiency 

^ (tt) = atmospheric scattering function (ft ^) 

= transmitted pulse energy (5mj) 

-5 

X = transmission wavelength (3.3 x 10 ft) 

L 2 = range and range cell distance 
= range 

D = optics diameter (1 ft) 

hv = 1.9 X 10"^° joules/photon 

K = bandwidth mismatch factor 


This equation may be reexpressed as 
S/N = Kj [arctan (fct)] Ej P(’r) 


E-15 


-1 

For the 8 microsecond pulse case p(7r) m may be de- 
termined from the s/n measurement when no^alized to a 5 mj pulse 
energy by using the following range vs. z constants where p(ir)m 

s/nA. 


Range ^2 


K ft. 

00 

1 

o 

00 

I 

o 
1 — ! 

6 

0.3 

0,67 

12 

0.85 

4.5 

18 

2.36 

27.8 

24 

6.4 

160 

30 

21.8 

1450 


— • has 1 dD/RTKM Atmospheric Absorption. 

^2 

Assuming that a s/N ratio is measured at one mile, 
the atmospheric scattering function 3 (ir) may be obtained by multi- 
plying by the ~ constant. If the atmosphere is assumed to have 

a IdB/RTKM atmospheric absorption, this effect may be removed by 

-9 -1 

multiplying by 6.7 x 10 m 
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The ARCTAN function may be computed for pulse widths of 

2# 4, and 8 microseconds* This is plotted in Figure E-7. 

4XL^ 4XL2 

Letting A « — ^ and B «= y- 

ttd^ ttd 


R 

A 


A + 
1000 ‘ 

A + 

®2^^® 2000' 

04^8 

A + 
4000' 

CD 

03 

to 

K.Pt 


DEG. 

TK^^JlS 

DEG. ^=4^8 

DEG. 

Ts=8ps 

DEG. 

2 

0.084 

4,8 

0.126 

7.2 0.168 

9.5 

0.252 

14.1 

4 

0.168 

9.5 

0.290 

11.8 0.252 

14.1 

0.336 

18.6 

8 

0.336 

18.6 

0.378 

20.7 0.42 

22.6 

0.505 

26.6 

10 

0.42 

22.6 

0.46 

24.7 0.5 

26.6 

0.59 

30.6 

15 

0.63 

32.2 

0.67 

33.8 0.71 

35.4 

0.8 

38.7 

20 

0.84 

40.0 

0.88 

41.4 0.93 

43 

1.01 

45.2 

30 

1.26 

51.6 

1.3 

52.4 1.34 

53.2 

1.43 

55 


^2 - 

Sa 

®4 ■ 

“ 9a 

®8 

®A 



DEG. 

RAD. 

DEG 

. RAD. 

DEG. 

RAD. 


2 

2.4 

0.042 

4.7 

0.082 

9.3 

0.163 


4 

2.3 

0.04 

4.6 

•0.08 

9.1 

0,159 


8 

2.1 

0.037 

4.0 

0.07 

8.0 

0.139 


10 

2.1 

0.037 

4.0 

0.07 

8.0 

0.139 


15 

1.6 

0.028 

3.2 

0.056 

6.5 

0.115 


20 

1.4 

0.0245 

3,0 

0.052 

5.2 

0.091 


30 

0.8 

0.014 

1.7 

0.03 

3.4 

0.06 



APCTAN FUNCTION 


L 





RANGE 


(THOUSANDS 


OF FEET) 


EOA-1010 


Fiqure E-7. Arctan Function (Arctan 

Arctan 4\L^/nD^) vs Range (L^) ^ 
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on flight tests 8/29 and 9/6, if the atmosphere had a 

1 dB/KM absorption, the following data should be (1) normalized 

"9 

to 5 mj and (2) multiplied by 6.7 x 10 to obtain P( 7 T). 
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CONDITIONS 


DATE: 

8/29/72 

FLIGHT 9 

RUN 0 

*= 

3 mj 



HAZE LAYER, 

MOFFETT TO 

SAN FRANCISCO 



S/N 

0 1 N.Mi, 

• 



Ht. 

s/n 

NORM. TO 


2 N.Mi. 

2.5 N.Mi. 

K.Ft. 

1 mi. 

5 mj 

1.5 N.Mi. 

7 

5 

8.3 

2.5 

1.25 


7.4 

8 

13.3 

4 

2 

1.2 

9.4 

8’ 

13.3 

5 

3.2 

1.6 

11.45 

4 

6.6 

2.5 

2 

1 

13.5 

3.2 

5.3 

2.5 

2 

1 

16 

3.2 

5.3 

3.2 

1.6 

— *=* 

17 

1 

1.7 





DATE: 

8/29/72 

FLIGHT 9 

RUN 

13 


AIR 

RETURNS ON CLIMB 

OUT 

FROM DIVE BOMBING 

Ht. 

s/n 

S/N NORM. 



K.Ft. 

1 mi. 

TO 5 mj 



2.4 

10 

16 



2.5 

32 

51 



2.7 

16 

26 



2.9 

10 

16 



3.5 

6.3 

10 



4.0 

8 

13 



4.6 

5 

8 



4.9 

5 

8 



5.3 

3 

4.8 



5.6 

4 

6.4 



6.7 

4 

6.4 



8.2 

4 

6.4 



9.1 

2.5 

4 



10 

2.5 

4 



12.3 

2.5 

4 




3.0 N. Ki 
1 


fi) 

n V 
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X DATES 9/6/72 


FLIGHT 13 RUN 0 


E_ « 6.5 m-i 


MOFFETT - SAN FRANCISCO 


Ht. 

s/n 

s/n norm. 


K.Pt. 

1 Mi. 

to 5 mj 


1 

3200 

2500 

INVERSION 

1.5 

S20 

250 


2.0 

10 

7,8 


3.0 

10 

7.8 


3,3 

10 

7.8 


3.5 

10 

7.8 


3.9 

10 

7.8 

LT. HAZE 

4.0 

6.3 

5.0 


4.4 

6.3 

5.0 


4.5 

1.8 

1.4 

SLIGHT HAZE 

4.7 

1.8 

1*4 


4.9 

1.6 

1.2 


5.4 

1.6 

1.2 



0 dates 

8/31/72 

FLIGHT 10 RUN 

Ht. 

s/n 

S/N NORM. 

K.Pt. 

1 Mi. 

to 5 mj 

3.3 

10 

8.6 

3.4 

10 

8.6 

3.6 

10 

8.6 

4.1 

10 

8.6 

4.2 

10 

8.6 

4.5 

10 

8.6 

4.6 

10 

8.6 

4.9 

10 

8.6 

5.2 

10 

8.6 

11.7 

10 

8.6 

12.0 

10 

8.6 

12.3 

3 

2.6 

12.9 

2.5 

2.16 

13.5 

4 

3.45 

14.1 

6.3 

5.45 

15.8 

1.6 

1,38 
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i 




= 5.8 - 9.2 mj 

assume 5.8 mj 
K * 0.86 

SAN JACQUIN VALLEY 



’ Plotting the flight test data obtained at 9t4K barometric 
for 8/29/72 and normalizing the atmospheric theoretical data 
to S/N « 8 which was the actual measurement at 1 mile, the 
atmospheric absorption values of I’dB/RTKM and 0.5 dB/RTKM yield 
S/N ratios tabulated below and plotted on Figure E-8B. Some typical 
flight test runs at different altitudes looking horizontally into 
the clear air, may be noted in Figure E-8A. 



8/29/72 

SOFT 

target 



RANGE 

K 

9.4K Ft. 

S/N (ACTUAL) 

NORM. 

at 1 dB/RTKM 
to 8 

e"^*^ at 0.5 dB/lTKM 
NOP^. to 8 

6 


8 


8 

8 

9 


5 




12 


3,2 


2,9 

4.4 

15 


1.6 




18 


1 


1.04 

2.2 

24 




0.38 

1.07 

30 




0.11 

0.58 


The atmospheric data at a one-mile range in front of 
the aircraft noted on pages E-19 and E-20 is plotted in 
Figure E-9 and indicates the altitude effect upon S/N ratio 
for a 5 mj transmitter. Correspondingly, this is related 
to the atmospheric scattering function B( 7 t) noted on the 
ricrht-hand scale. 
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Figure E-8b. Dependence of SNR on Atmospheric Absorption 
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SECTION I 


INTRODUCTION 

Tho data from the January 3973 Clear Air Turbulence Laser Radar 
flight test series (ftori.es "B") are analyzed in this report. T3^e data 
are in the following 

a . Sequence camera photographs of the A-scope and Range/Velo- 
city Indicator (RVI) . The photographs are spaced at 1.2 
second intervals. Each exposure lasts 0.1 second and con” 
tains the returns from approximately 14 pulses. The A-scope 
plots intensity vs. time (range) on single pulses and the 
RVI plots frequency vs. range for the integrated output of 
50 pulses. 

b. Intensity /Velocity Indicator. The output from this display 
is recorded on tape. The IVI plots intensity vs, frequency 
at a selected range for the integrated output of 50 pulses. 

c. Polaroid photos of the A-scope taken during flight and in- 
flight notes of signal-to-noise ratio. 

d. Voice recordings. The conversations during flight were 
recorded on tape . 

e. Flight data print-outs. The ground and air velocities, wind 
speed and direction, pitch and roll angle, altitude, heading, 
latitude and longitude, temperature, dew frost point and 
acceleration were recorded at ten and one second intervals, 

The data analysis here is concerned with the sequence camera out- 
put only^, because this was largely sufficient to describe the system 
performance. There were two e.Yceptions; (1) the flight data print- 
outs were used to verify the findings of the sequence camera data 
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analysis and (2) the IVI data were included in the analysis of the 
cloud turbulence tests. 

The January 1973 flight tests fall basically into four groups: 

1. Dives at Edwards APB against a uniform dry lake to check 
out and calibrate the laser system. 

2. Measurements of backscattor returns from air at various 
a Ititudes . 

3. Turbulent cloud tests to evaluate the laser returns from 
turbulent air. 

4. Measurements from miscellaneous targets including a mountain, 
the ground prior to landing, and cumulus, dust and cirrus 
clouds , 

Each of these groups is analyzed in a separate section, from Sections 
2 through 5. The conclusions from each group of tests are discussed 
at the beginning of each section. Section 6 estimates the improve- 
ment required for an operational Clear Air Turbulence laser radar. 

Photographs of targets in the first three groups are in 
Figures F-1 through P-3. Figure F-1 shows the dry lake at Edwards 
APB which was the target of the calibration test dives Figure F-2 
shows the air from which backscatter returns were detected at high 
and low altitudes. In Figure F-3, the type of clouds in the turbu- 
lence tests through the Owens Valley is shown. 

The data from the flight test were also analyzed by A, Jelalian 
(Raytheon memo EM73-1115) . The analysis here examines the sequence 
camera data in more detail and does not include any of the particle 
sampling data of Blifford which are in A. Jelalian 's memo. The two 
analyses essentially compJeraent each other and reach similar conclu- 
sions . 
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at Miqh and U>w Altitudes which Produced 
OP: At 22 Kft near San Francisco, Faint 
Ranqe/Velocity Indicator. BOTTOM: Over 
near Imperial Valley, Calif., SNR's up 


Fiqurc F-2 










In review, the CAT laser radar consists of a coherent carbon 
dioKide laser at 10.6 microns transmitting pulses at a 140 to 160 
pps rate adjustable in width from 2 to 10 microseconds, a 12 inch 
Cassegrain telescope, a heterodyne receiver with a cooled infrared 
detector, and signal processing electronics. Previous reports on 
the program should be consulted for further details. The laser radar 
was tested on a ground range and in an earlier flight test, series 
"A", in August/Sspt'>mber 1972, The results from these earlier tests 
are examined in previous memos.* 

The January 1973 flight test series consisted of eight flights in 
California spanning the time period from January 4 through 19. Of 
these, Plights B2, B4, B6 and B8 were productive. The other flights 
encovmtered problems with amplifier malfunction, window fogging, bad 
\vfeather, etc. The altitude profiles target areas and run numbers of 
the productive flights are shown in Figures F-4 through F-7. 


*See, for example, Raytheon Memo 72-DAK-69 
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SECTION 2 

RETURNS FROM GROUND AT EDWARDS APS 

The purpose of the flight tests at Edwards AFB was to chock out 
and calibrate the CAT laser system. The aircraft engaged in steep 
descents against a uniform target, Rogers Dry bake, with the laser 
operating continuously. The resulting measurements of signal-to- 
noise ratio were compared with various theoretical models of the 
laser system for the calibration. To calibrate the target, a sample 
of the dry lake bed was taken back to the lab and reflectivity 
measurements were made at the same angle of viewing. 

The conclusions of the Edwards tests are; 

1. The CAT laser system worked well, providing consistent 
results with signal-to-noise ratios as high as 42 dB. 

The data best fit the theoretical curve with the receiver 
focussed around 6000 feet,, and with only 2 dB of unexplained 
loss . 

2. The measured signal-to-noise ratios follow roughly the 
same slope as the 1972 test returns but are ~17 dB 
higher. The improvement is due to a higher laser output 
and the substitution of the HgCdTe detector. 

3. The wide variations in signal level from pulse to pulse, 
at times exceeding 30 dB, are caused primarily by 
atmospheric scintillation. The other sources - target 
scintillation, frequency tuning of the receiver and laser 
instability - have smaller effects. 

4. There may be no improvement in signal-to-noise ratio by 
pulse integration. The variation in signal level from 
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atmospheric scintillation was so great that the SNR for 
an integrated series of pulses was hardly better than the 
peak single-’pulse SNR. This conclusion may not extend to 
the thinner air at higher altitudes where the CAT laser 
will be operating. 

2.1 DESCRIPTION OF DATA 

The signal- to-noise ratios during the flights were recorded by 
photographing the A-scope display of intensity vs. range with a 
sequence camera. The exposures were spaced at 1.2 second intervals 
and lasted 0.1 second to cover 14 to 16 pulses each. Since the 
reading of signal- to-noise ratio from the A-scope photographs is 
not at all obvious, especially when signal levels varied by as much 
as 30 dB on a single photograph, some consideration was given to 
the proper criterion for reading the ratio. The criterion and 
reasons for the wide signal variation are explained in Section 2.4.2. 

Sample sequence camera photographs during one of the dives are 
shown in Figure F-8. The intensity (power) is plotted on the 
ordinate at 10 dB/box (log scale) and the range on the abscissa at 
2 nautical miles A»ox on the A-scope. Each line represents the 
return on an individual pulse. The range--, e loci ty indicator (RVI) 
display is shown at the top of each photograph and the 24-hour clock 
in the upper left corner, shown upside-down to properly orient the 
A-scope. The zero-range line is just to the right of the clock. 

The return from the ground is obvious in each photograph, even 
at the maximum display range of 16 nautical miles. The RVI display 
confirms the presence of the signal indicated on the A-scope. (The 
slight offset between A-scope and RVI signals at the maximum range 
is due to a calibration inaccuracy.) The approach of the ground 
target with succeeding photographs is dramatically shown. The 
target return progresses from 11 nautical miles (SC photo 2753) to 
2.4 nautical miles (SC photo 2838) in 102 seconds for an average 
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range rate of 303 knots. The velocity of the aircraft as listed in 
the data print-outs is approximately 300 knots during this dive. 

The excellent matching of velocities shows that the laser beam was 
hitting the same general area of the dry lake throughout the dive. 

The width of the signal is just under a nautical mile 
(measured at a few dB below the peaks) , or 10 microseconda in time. 

This is roughly the pulse length, nominally set at 8 microseconds 
during the dive. Since the bandwidth at 250 KHz was higher than 
the matched filter value, the pulse shape is roughly preserved in 
the traces. They show a decay of 4 dB from beginning to end of the 
pulses as in SC photo 2824, which is in agreement with pre- flight 
measurements. The photographs also show that the laser power is 
down by at least 30- dB from the peak outside the borders of the 
pulse . 

The RVI display sliows an interesting effect toward the end of 
the dive. A second signal appears on the RVI offset in frequency 
from the ground return, for example in SC photo 2824. This second 
return is from the atmosphere. It extends from the minimum measurable 
range out to the ground return where it abruptly ends. It is much 
weaker in the early photographs of the dive which is to be expected 
since the air is thinner at the higher altitudes. There is no 
return on the A-scope because the latter was set at the frequency 
of the ground return. The frequency offset of the two signals is 
due to a ground wind. It is measured to be 1.8 MHz which corresponds 
to a velocity component along the beam of 32 ft/sec. The ground 
wind speed as listed on the data print-outs was roughly 60 ft/sec. ^ 
and it was 60 degrees away from the aircraft heading. Therefore, 
its component along the laser beam is 60 cos 60° or roughly 30 ft/sec., 
which is in excellent agreement with the value of 32 ft/sec. deduced 
from the RVI display. This is a verification that the RVI display pro- 
perly showed a difference in velocity, in this case between the wind 
and ground . 
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2.2 S1GNAL>T0>- NOISE RATIO MEASUREMENTS 


Good test data wore obtained on thteo of the dives at Edwards; 

Run 7 of Flight B2 (1/12/73) 

Run 9 of Flight 132 (1/12/73) 

Run 18 of Plight 138 (1/19/73) 

On other divoa the A-seopo for the sequence camera did not work 
properly due to a faulty amplifier. There wore occasional in-flight 
read-outs and Polaroid photos of the other A-scope, but these were 
not necessary since the three good dives yielded sufficient infor- 
mation. 

Tho signal-to-noise ratio is given by the number of dB increments 
between the signal and noise levels. As explained in Section 2.4.1 
tho rms noise level is 3.4 dB below the baseline for most of the 
photographs'^, and tho proper signal level as defined by the standard 
signal-to-noiso ratio equation is best represented by the peak signal. 
On some photographs all the signals were degraded. These were 
reiected as Instances when the receiver was not tuned to the signal 
frequency due to the manual tuning procedure. 

Tho signal-to-noise ratio was measured for the three good dives 
and plotted against range in Figure P-9. The highest signal-to-noise 
ratio exceeded 40 dB. Note how well the measurements from the 
different flights fall into a smooth, nearly straight-line channel. 
This excellent correlation adds justification to the selection of 
the peak signals for the signal-to-noise ratios. The signal-to- 
noise ratios for 1972 flight tests at Edwards are also shown for 


'^In earlier reports the rms noise value was judged by eye to be at 
the baseline, so the earlier plotted values of signal-to-noise ratio 
were about 3 dB too small. 
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FLIGHT B8, 1/19/73, RUN 18 
FLIGHT B2, 1/12/73, RUN 7 
FLIGHT B2, 1/12/73, RUN 9 


RESULT 


RANGE (THOU, OP FEET) 
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Figure F-9, Signal-to-Noise Ratio Measurements Against Ground 
at Edwards AFB During 1973 CAT Flight Tests 
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comparison. The line is a rough ave*rage since the spread of those 
measurements was quite large, hut it does show that the improvement 
for 1973 was roughly 17 dB. This improvement can he accounted 
for hy two changes in the laser system - a better way of cooling 
the laser and the substitution of the mercury cadmium telluride 
detector for the copper-doped germanium detector. 

2 .3 COMPARISON WITH THEORETICAL SIGNAL-TO-NOISE RATIO 

The signal-to-noise ratio equation for the CAT laser system, 
which is coherent and pulsed with a comn^on aperture for transmission 
and reception, is given by; 

S ^ (F-1) 

N 1“ 9 2 2 2 n 

I6hv' R"" + (nd"/4X) (1 - R/R^) J 

against a target filling the beam. The detector is photovoltaic 
and the receiver is assumed to be matched to the pulse length. The 
symbols are defined and values specified in Table F-1. 

The CAT laser system is supposed to be unfocussed (i.e., 
focussed at infinity) , so that R^ = ». The physical size of the 
aperture is 12 inches but the effective size as defined by the 
1/e intensity value is closer to 10 inches. The losses exclusive 
of the atmosphere and detector are estimated to be: 


Optics (scattering, absorption, blockage) 3 dB 

Extended diffuse target*, Gaussian LO, 

heterodyne inefficiency 5 

Target depolarization 1 

Receiver electronics (including bandwidth 

mismatch) __4 

TOTAL 13 dB 


*There is a loss of 3.4 dB with an extended diffuse target. This loss 
factor is explained and calculated in a paper by D. Fried, "Antenna 
Gain statistics" for a Heterodyne Receiver Laser Radar Viewing a 
Resolvable Target", Report No. TR-llt, Optical Science Consultants 
Oct. 1973. ' 
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TABLE P-1 


PARAMETERS 


Pnrameteir 

Symbol 

Value 

Signa] -to-noiso powor ratio 

S/N 


Laser pulse energy 

E 

12 mJ 

Modified target cross section 

0* 

0*05 sber“'^ 

Target range 

R 


Range of focus (beam & FOV) 

""f 


Aperture diameter 

d 

10 in 

System efficiency 

hs 

0.05 

Detector quantum efficiency 

'^d 

0.25 

Atmospheric transmission 



Wavelength 

X 

1,06?<10“^ m 

Energy per photon 

hv 

l^OKlO'^^ J 



Thus, the system efficiency factor is 0.05. 

The critical parameter for the calibration is the target cross 
section, o'* A sample of the dry lake was taken back to the lab, 
soaked in water and dried to simulate the dry lake condition. The 
reflectivity was then measured incoherently at 10.6 microns ae a 
function of angle. At 10 degrees from the horizontal the back- 
scatter reflectivity is: 


p(rr) 4 X lO”^ ster”^ 

To convert this value to the target cross section, the basic 
definitions of the parameter are utilized: 


Reflected Intensity (W/ster) 
Incident Power (W) 



p (rr) 


So , 


a' = 4n p (tt) = 0.05 ster' 


By substitution of the values in Table P-1 into Equation (P-1) , 
the signal- to-noise ratio without atmospheric losses (ri =1) is 
calculated.. It is plotted against range in Figure P--10. The 
experimental results are included for comparison, and the difference 
is indicated by a dashed line. There are several possible causes 
of this difference: 


1. Atmospheric attenuation; 

2. Atmospheric turbulence; 

3. The receiver or transmitter focussed at some finite range; 

4. The effective aperture smaller than 10 inches. 


Only factors varying with range can explain the difference. 



RANGE (THOU. OF FEET) 
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Comparison of Theoretical and Experimental 
Results for Edwards Tests, Flights B2 (15) 
and B8 (21) 


Figure F-10 



2.3.1 ATMOSPHERIC ATTENUATION AS POSSIBLE CAUSE OP DIFFERENCE 

The atmosphere accounts for some of the difference, but does 
it account for all of it? The attenuation coefficient required to 
explain the difference is calculated with a formula derived as 


^ ^a^ _ 2 .30 & (logip r)^) 

5R "2 f,R 

Since S/n ce and y in dB/km = (10/2.30) y in km 

,(R) = i (F-2) 

where 6 (S/N) is the change in SNR in dB not accounted for by a 
change in range, u (R) is in dB/km and 5 R in km. Thus, the 
required attenuation coefficient is determined by measuring the 
slope of the difference curve plotted on a linear graph of S/N in 
dB vs . range and dividing by 2 . This was done with the result 
plotted in Figure F-11 as the long dashed line. The range was con- 
verted into altitude by the formula, 

H = + R sin <t = 1.97 Kft + R sin 7° 

where is the altitude of the dry lake and the depression angle 
of the laser beam. 

To decide whether this variation of attenuation coefficient is 


follows: 


= exp(|'2u(R; 


dri_ 

dT = 


So, |i (R) 


1 ^ 1 

2 £R 2 
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realistic, it is compared with the attenuation coefficient calculated 
from temperature and humidity data measured in flight. The two 
major constituents of the atmosphere attenuating CO 2 laser radiation 
are carbon dioxide and water vapor. Aerosols are a third constituent 
but they are believed to have a lesser effect in clear weather. The 
attenuation due to the carbon dioxide was measured by P. Yin and 
R. Long* as a function of its concentration and an attenuation 
curve varying with altitude was drawn based upon the results. The 
contribution is plotted in Figure P-11 as the short dashed line. The 
effect of water vapor depends upon the temperature, relative humidity 
and total atmospheric pressure. These parameters were measured in- 
flight and recorded on the data print-outs. The way in which these 
parameters influence the attention of 10 .6 micron radiation was 
measured by J. McCoy, D. Rensch, and R. Long**. A calculation of 
the attenuation from water vapor is shown in Attachment 1, and the 
result for the two days of good data is plotted in Figure F-11. The 
pluses and crosses show the expected overall attenuation coefficient. 

A comparison of the required attenuation coefficient to explain 
the difference between theoretical and experimental SNR (long dashed 
line in Figure F-11) and the calculated coefficient (pluses and 
crosses) shows that the atmospheric attenuation cannot account for 
all of the difference, especially as evidenced by the huge attenuation 
required at low altitudes. Therefore some other explanation is 
required. 

2.3.2 ATMOSPHERIC TURBULENCE AS POSSIBLE CAUSE OP DIFFERENCE 

The effect of atmospheric turbulence is examined in Section 2.4.2. 
It is shown that turb'jience can andprobably did degrade the signal 

~*P. Yin and R. Long, App. Op., Vo 1.7, No. 8, Aug. 1968, pp. 1551-3. 

**J. McCoy, D. Rensch and R. Lonq, App. Op., Vol.8, No. 7. Julv 1969, 
pp. 1471-7. 
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substantially during the dive over Rogers Dry Lake. However, the 
effect of turbulence is to degrade the signal by widely varying 
amounts. For some pulses the degradation can be more than 30 dB, 
but for others it may be less than 1 dB. In fact, for a sample of 
14 pulses in each SC photograph the highest signal is likely to be 
degraded by less than 1 dB. Since just the highest signals were 
measured in reading the signal-to-noise ratio, these measurements 
then had little degradation from atmospheric turbulence. 

2.3.3 FOCUSSING OR APERTURING AS POSSIBLE CAUSE OF DIFFERENCE 

To examine the effects of focusoing the receiver or having an 
effective aperture less than 10 inches, the signal-to-noise ratio 
is calcuiatea with Equation (F-1) for selected conditions of focus. 
The range of focus and aperture size are parameters in that equation. 
However, that equation applies to the situation where the beam and 
receiver are focussed at the same range. If the beam and receiver 
are focussed at different ranges, which is a realistic possibility 
in the CAT system, the equation must be modified. The beam is 
believed to have been properly collimated (focussed at infinity) 
because little change in beam size with range was observed at the 
test site. The receiver is focussed independently by varying the 
focus of the LO beam. 

The signal-to-noise ratio is usually degraded when the trans- 
mitted beam and receiver are focussed at different ranges as opposed 
to a common range of focus. An approximate way to calculate the 
degradation factor is to assume the beam and receiver f ield-of-view 
are uniform cones. Then the degradation is given by the part of the 
beam outside the receiver f ield-of-view at the target, since this 
part does not contribute to the signal. The degradation factor is 
given by: 


F-29 


^ ~ XrS §Hea m ^ 

M 1 if Area of FOV > Area of Beam 

which is to be multiplied by the term on the right of the SNR 
Equation (F-1) . (The factor F is actually greater than one when 
the beam is smaller than the field-of-view because the receiver 
is really more sensitive at its center where the beam is concentrated. 
The improvement can be as much as 3 dB at ranges much greater than 
the range of focus, but it will be neglected in the analysis.) The 
area of the beam or field-of-view is given by: 


Area ^ 




Therefore, the degradation factor is: 



where and R^^ are the ranges of focus of the receiver and trans- 
mitted beam. When the beam is unfocussed, the degradation factor 
is unity at ranges beyond twice the receiver focal range. 

The signal- to~noise ratio was calculated and plotted in 
Figure F-12 for the following cases of receiver and transmitter 
focus and various aperture sizes: 



CURVE A 


CURVE R 
CirRVE C 


CURVE D 


CURVE E 


RANGE (THOU. OF FEET) 
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Tlieorctical SNR of CAT Utscr Aq.tinst Ground 
(Roqera Dry Lake) , No Atmospheric Loss 


Figure F-12 











Receiver 

Focus 

Transmitter 

Focus 

Effective Aperture 
Diameter 

A. 

00 

OS 

12 inches 

B. 


CO 

10 

C. 

ttj 

<0 

6 

D. 

6 Kft 

CQ 

10 

E. 

10 Kft 

10 Kft 

10 


Othoi* cases viqxq calculntod but not plotted to avoid confusion in 
the graph. To discover how well the various theoretical models fit 
the experimental data, the missing ingredient of atmospheric 
attenuation has to bo included. The attenuation is given by a line 
of best fit to the values colculated in Section 2.3.1 from the in- 
flight data and plotted in Figure P-11. This line of best fit is 
drawn in Figure F-13. 

By including the atmospheric loss, the theoretical models can 
be compared to the experimental data. It is found that one model 
fits the data extremely v^ell, as will be explained in the next 
sub- sect ion. 

2,3.4 THEORETICAL MODEL OP BEST FIT TO DATA 

By applying (1) the atmospheric loss in Figure F-13 to the SNR 
curve D in Figure P-12, which is a receiver focussed at 6000 feet and 
an effective aperture diameter of 10 inches, and (2) a total system 
loss of 15 dB, which is 2 dB larger than the predicted loss (see 
Section 2.3) , the signal-to-noise ratio curve in Figure F-14 results. 
The focus of the beam is unimportant because the curve remains 
essentially the same beyond 12 Kft (twice the receiver focal range) 
for any focus of the beam beyond 6000 feet. The SNR measurements 
on the three good data flights are also indicated in the graph. The 
excellent fit of the theoretical model to the experimental data 
points is obvious. Therefore, the Edwards data show that th e 
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TOTAL PATH ATTENUSiTION 



B8(21) 










FLIGHT BB(21) 
FLIGHT B2 (15) 
FLIGHT B2(15) 
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Fit of Tlicoretical Curve D (With Atmospheric Loss 
and Additional 3 dB System Loss) to Measurements 
at Edwards 


Figure F-14 












receivQg was focussed at 6000 feet, the beam ab 6000 feet or beyond . 
the effective aperture was 10 inches in size, and the system loss 
was 15 dB, 


The likelihood that the CAT system fits this would depend upon 
the existence of factors which would make it fit the model. First, 
the effective aperture size was estimated to be 10 inches in size, 
so this value is quite acceptable. Secondly, the beam size was 
measured at several ranges out to two miles and was found to remain 
constant with range, so it was focussed way beyond 6000 feet. Third, 
a system loss of 15 dB is only 2 dB larger than the predicted value. 

The added loss may stem from the electronics which was assigned only 
4 dB in spite of a mismatch of the bandwidth to the frequency width of 
the signal, or from the irregular distribution of the LO beam. Finally 
a receiver focus at 6000 feet is entirely possible based upon the 
focussing technique. 

2.4 READING THE SIGNAL-TO-NOISE RATIO 

Since the measurements of signal-to-noise ratio form the basis 
of the entire CAT flight test data analysis, the proper way to read 
this ratio deserves some close examination. The signal-to-noise 
ratios were read off sequence camera exposures of the A-scope which 
displayed signal and noise levels on a log intensity vs. time (or 
range) plot. Each exposure of the sequence camera lasted 0.1 second 
so that traces from approximately 14 pulses were imaged on each photo- 
gr a ph . 

Since the intensity is on a log scale, it would appear to be a 
simple matter to read the signal— to— noise ratio by measuring the num- 
ber of dB increments between the signal and noise levels. However, 
it is not so simple for two reasons; 

1. Tlie proper noise level must be identified: 


2. The signal levels in each photograph varied considerably, 
sometimes by more than 30 dB during the calibration dives 
at Edwards. 

Therefore, the proper criteria for reading the signal and noise 
levels had to be established. Also, the wide variation in signal 
had to be explained. 

2.4.1 NOISE LEVEL 

The proper noise level in the normal SNR equation is the rms 
or 1 a level. The problem is to identify this level on the A-scope 
plots . 

The one, two and three sigma noise levels are exceeded for 
certain percentages of the samples assuming the noise is Gaussian: 

1 o: 31.7% 1.5 a: 13.4% 

2 o: 4.6% 2.5 a: 1.24% 

3 o: 0.25% 3.5 a; 0.05% 

Thus, the various e levels can be determined by identifying the 
levels on the A-scope which are e.xceeded by the above percentages 
of the time. Now, the 1, 2, and 3 g noise levels are not separated 
by these ratios on the A-scope display, that is, the 1 and 2 n 
levels are not separated by 3 dB and the 1 and 3 n levels by 5 dB 
as the ratios would suggest, because the square of the current is 
plotted on the A-scope rather than the current itself. The para- 
meter plotted on the ordinate is: 

2 

log^^Q Power ^ (current) 

Since the g levels (and associated statistics) apply linearly bo 
the current rather than the power, the real separations in dB 
between the various a levels are double the ratios of currents, or 
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Bt 6.0 dB 

2.5g'^lg 

« 8.0 

^3g/^lg 

- 9.5 

3.5g/^ln 

= 10.9 


Therefore, the procedure for locating the 1 g level on the A~scope 
display is to find the level which is exceeded 4 , 6 % of the time 
(if we use the 2 g level as the reference) and subtract 6.0 dB 
from that. As a check, the use of the 2.5, 3 and 3.5 g levels as the 
reference and subtracting 8.0, 9.5 and 10.9 dB respectively, should 
yield the same A-scope level for 1 g. This comparison was, in fact, 
mads with excellent correlation as will be explained. 

In order to correlate percentages with absolute numbers, the 
total number of sampling intervals must be determined. The range 
gate of the receiver extended from 2 to 16 nautical miles for a 
total time span of 160 microseconds. The integration time of the 
receiver was approximately 2 microseconds since the bandwidth was 
250 kHz, (The integration time is roughly verified by measuring 
the width of noise pulses on the A-scope.) Hence, there are 
^ 160/2 or 80 sampling intervals per pulse. Since each exposure of 
the sequence camera covers 14 pulses, the total number of noise 
sampling intervals per photograph is; 

160 X 14 1100 

2 

Therefore, the numbers of times the various g levels are exceeded 
are: 
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* 


1 a: 350 

2 o: 50 

3a: 2.7 


1.5 a: 150 

2.5 ct: 14 

3.50; 0.55 


To (1) locate the 1 a level and (2) check out the above theory, 
the numbers of noise pulses exceeding various intensity levels were 
measured on three sequence camera photographs and plotted in Figure 
2-15. Then an attempt was made to fit the theoretical curve based 
upon the numbers listed above (with the separations of the a levels 
in dB as determined earlier) . An excellent fit was obtained when the 
2 a level is located at 2.6 dB above the baseline. Since the 1 rr 
noise level is 6.0 dB below the 2 a level, the 1 o noise level is 
(6.0 - 2.6) or 3.4 dB below the baseline for the portion of flight 
covering those particular sequence camera exposures. The noise was 
found to be quite consistent during each flight and between flights, 
so the 3.4 dB figure is rather general. As a check, the number of 
times the noise exceeds various levels can be compared with the 
values plotted in Figure F-15 for any sequence camera photograph. One 
exception is the latter portions of the dives at Edwards when the re- 
ceiver overloaded due to the very high signals and a larger noise 
level resulted. 


2.4.2 SIGNAL LEVEL 


Typical signal returns for the dives at Edwards were shown in 
Figure P-8. It is apparent that the amplitude varied widely over the 
14 pulses of each exposure - by more than 20 dB. The highest return 
is at 35 dB above the liaseline in SC Photograph 2824, and the lowest 
return is at 12 dB. The amplitude also varied widely from one SC pho- 
tograph to the next, as shown by a plot of all the peak signa 1-to-noise 
ratios of each photograph for a single dive at Edwards in Figure F-16. 

, The photos were exposed at 1.2 second intervals. So, which amplitude 
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Figure F-16, 


Peak SNR Measurements of All Sequence Camera 
Photographs During Dive at Edwards 
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should be selected for the data analysis? In order to answer this 
question the causes of the wide signal variations are identified. 

Possible causes are: 

1. Target scintillation. Since the target consists of a 
collection of small specular reflectors, variations in 
amplitude from pulse to pulse out of the coherent receiver 
can be expected. 

2. Atmospheric scintillation. The coherent receiver requires 
a plane wave input for its peah signal. Distortion of the 
wavefront by atmospheric turbulence (a variable refractive 
index) degrades the signal. 

3. Frequency tuning. The frequency setting of the A-scope 
receiver was manually tuned during flight because the 
exact frequency was not known in advance and varied during 
each dive. The manual tuning procedure caused the receiver 
to periodically miss the signal. 

4. Laser output variations. The high aircraft vibration during 
the dives may have caused the amplitude and frequency 
stability to vary or the laser output to be spread over 
several frequency modes. 

Other causes which have a lesser effect are the LO shot noise and 
fluctuations in the photon arrival rate, and variations in the 
ground reflectivity (the dry lake is not precisely uniform) . 

The third cause - frequency tuning of the receiver - tended to 
produce drastic reductions of all the signals in the affected photo- 
graphs and was, therefore, easily recognizable by comparison with 
other photographs. The tuning procedure consisted of varying the 
frequency setting manually in order to keep it on the signal. Since 
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the expoeure time of the sequence camera was only 0.1 second, it is 
unlikely that the tuning is the source of any of the variations 
within a photograph. 

The fourth cause - laser output variations - is not considered 
to he a significant source of the large SNR variations because the 
amplitude was found to remain steady at other times and a multi- 
frequency output probably would have shown up in the RVI or IVI 
display. However, this source is not to be ruled out, especially 
if the other sources cannot satisfactorily explain the variations. 

The most probable causes are the target and atmospheric 
scintillation (causes 1 and 2 above) . In order to verify that they 
are in fact responsible, the variations from these causes as 
predicted by theory are compared with the spread in the measured 
signal. 

Measurements of the signal level of all pulses in two sequence 
camera photographs are listed in Table P-2. The intensities appear 
to follow a log normal distribution because the signal levels in 
dB, rather than the numerical ratios, are normally distributed. For 
example, the mean (average) of the logarithms is very close to the 
median (middle) of the logarithms in both photos which is a 
characteristic of a normal distribution - on SC photo 2824 the mean 
is 22.0 dB and the median is 22 dB, on SC photo 3057 the mean is 
17.3 dB while the median is 17 dB. The same is obviously not true 
of the numerical ratios. A more rigorous analytical treatment in- 
volving the determination of moments can be applied to check out 
how well the data fit a normal distribution, but this would require 
an enormous amount of data points. 

The significance of the distinction between normal and log normal 
distributions is that atmospheric scintillations are probably log nor- 
mal while target scintillations are generally Rayleigh. The reasons 
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are explained in memos by C. DiMarzio.* Since (1) the measurements 
appear to be lo^~norraally distributed, and (2) the predicted variations 
from target scintillation are much lower than the observed variations, 
the conclusion is that the atmosphere is the primary cause of the vari- 
ations. The atmospheric turbulence around the aircraft may be the main 
contribution to this effect. 

If turbulence is the primary cause, then the highest value of the 
siqna 1-to-noise ratio on each sequence camera photograph should be read 
since this is the closest value to the signa 1-to-noise ratio in an 
perturbed atmosphere. In fact, the probability is 50 percent that the 
peak signal of 14 pulses in a sequence camera photograph will be within 
7 per cent of the signal level for an unperturbed atmosphere.* As par- 
tial verification, the peak signal-to-noise ratios of numerous photos 
during a dive form a smooth, nearly straight line graph with range as 
shown in Figure F-9. 

Although atmospheric turbulence is the primary cause of the 
signal variations there is still a contribution from target 
scintillation. Assuming that the target consists of an infinite 
number* of diffuse scatterers, the peak signal of 14 pulses will 
generally be approximately 3 dB above the average. The fact that 
this spread was not observed is another indication that target scin- 
tillation was not the principal cause of the signal variation. 

2.5 PULSE INTEGRATION 

The pulse repetition rate of the CAT laser is around 160 pps . 

Since many pulses will hit basically the same air target in looking 
for Clear Air Turbulence, there is a possibility of improving the 
signal-to-noise ratio by integrating consecutive pulses. For signals 
of constant height and Gaussian noise, the improvement ratio is 
ideally the number of pulses. For example, if 50 pulses are integrated, 
the signal-to-noise ratio should be improved by 17 dB. 

♦Raytheon E/0 Department Remo 73-CAD-08 and another to be published. 
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This amount of improvement will not exist for the CAT laser system. 
The key assumption of a constant signal level is not correct because 
atmospheric and target scintillations vary the signal widely, as shown 
by the returns at Edwards. In order to produce any improvement in 
the signal-to~noise ratio, the sum of the signal currents from N 
pulses must exceed /N times the peak signal current since the noise 
current is a factor of ./N larger. For the dives at Edwards, the 
improvement was insignificant. Tliis conclusion was reached after 
performing a pulse integration analytically on the signal levels in 
the two sequence camera photographs listed in Table P-2. The para- 
meter in the table (Numerical Ratio) is the signal power level in 
arbitrary units- Thus, 


P 


s 


K 


lY 





Where and i^ are the signal power and current, y “numerical 
ratio" listed in the table, the noise current, and Kj^, K2 and 
are constants. The signa‘1- to- noise ratio for a single pulse is: 



For integrating M pulses, 



assuming that the integration process is 100 percent efficient. 
For SC photo 2824, 

2/y = 225 

M = 13 


So 


i!| 

1* i’ 


“ 3900 Kj' 


The peak single-pulse SNR is: 

peak 


3000 K. 


So the improvement in signal-to-noise ratio from integrating 13 pulses 
is only; 

2 


(S/N) . 


TsT^ 


int 


1 , peak 


3900 K, 


3000 K, 


1.3 


or 30%. For SC photo 3057, 


E/v 

M 

(S/N) , 


111 

11 


(S/N) 


int 


1 , peak 


and 


iut 


(S>) 


1 , peak 


1100 K. 


1300 K, 


= 0.86 


So there is actually a loss of 14% in the SNR from integrating 11 
pulses. Therefore, pulse integration does not really help in these 
two cases. At the higher altitudes where the CAT laser radar will be 
operating, the air is thinner and atmospheric scintillation is not as 
severe, so there should be a larger improvement. How much improve- 
ment is an unknown. 


" i 
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SECTION 3 


AIR DACKSCATTER RETURNS 

The eventual target of the Clear Air Turbulence laser radar is 
clear air. Therefore the returns froni this target are of interest. 

Returns from air wore observed throughout the test series, at 
altitudes as high as 22,000 feet and at ranges as far as 6 miles. 
However, the sequence camera was not operated all the time, in fact, 
it was on only during 20 per cent of the good data flights on the 
average, and much of that was for the dives at Edwards or the Owens 
Valley rvins. Therefore, the sequence camera seldom recorded data 
at the higher altitudes where some clear air returns were observed 
on the In tensity /Velocity Indicator (IVl) , Hence the data analysis 
here is confined to the lower altitude returns, i.e., bel.ow 10,000 
f eet . 


The conclusions of the analysis are; 

1. The SNR curve for the receiver focussed around 6000 
feet appears to give the best fit to the measurements. 
Based upon the system loss of 15 dB determined from the 
Edwards data, the backscatter coefficient r at five alti- 
tudes between 2 and lO Kft varied from 0,7 to 7x10”^ 

per meter per ster. These values are roughly an order of 
magnitude less than the coefficients observed in the 1972 
test series, probably due to the difference in air between 
summer and winter. 

2. The signal amplitude fluctuated wildly with range on indi- 
vidual pulses, although the envelope remained reasonably 
constant from pulse to pulse. Numerous causes were 
postulated. The primary one appears to be target scintil- 
lation. 
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Pulse infcegrabion may have significantly improved the 
signal-to~noise ratio at the higher altitudes, but a more 
careful comparison of the IVI and A-scope returns is neces- 
sary befvsre the improvement factor can bo determined. 

I 3.1 SIGNAL-TO-NOISE RATIO MEASUPEMENl’S 

lypical A-scopo plots of returns from air as recorded by the 
, sequence camera are shown in Figure P-17. The intensity is plotted 

s on the ordinate at 10 dDA>OK and the range on the abscissa at 2 

j nautical miles/box. (Although the ssero range is the first vertical 

I lino at the left, just to the right of the clock, the low initial re- 

i turn in the first box should bo disregarded since there is a delay in 

the receiver resporse.) The range/velocity indicator (RVI) output is 
plotted as the blackened area above the A-scopo. The signal return 
* is shown in the RVI to be slightly over one MHz in width at roughly 

\ the 5 percent borders. 

I The sequence camera photographs show that the backseat ter return 

is contained within a well-defined envelope on the A-scope displays 
even though the signal returns on individual pulses fluctuate wildly 
r with range. The signal- to-noise ratio was measured from the envelope. 

Reasons for the fluctuations are discussed in Section 3.3. 

I There were only a few times during the flight series when the 

backscattor was observable and the sequence camera was operated. 

These times are : 


Flight & Run 
B2 (1/12), 3 

B8 (1/19), 1^ 



Approximate Time (GMT) 

Altitude 

19:41 

4.7Kft 

20 :23** 

11.5** 

17.11* 

up to 24* 

18.17* 

15* 
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Fliaht & Run 

Aporoximate Time (GMT) 

Altitude 

7* 

18:50* 

5* 

8 

18; 5 8 

2 

9 

19:05 

4 

20 

21:42 

6 

20 

21:56 

9 

21 

22:55 

3.$ 


*A-scope for sequence camera was not 
functioning properly. 

**Target may not have been air. 

In some of the above cases the air may not have been so clean, tn 
fact, there were dust storms in the vicinity of one or two of the 
low altitude returns, although the signals were not from the dust 
storms . 

Tlie signal-to-noise ratios for Plight B8 as measured off the 
A-scope are plotted in Figure F-18. The signal level is measured 
from the envelope of the signal return (see Figure F-17) . The proper 
rms noise level is 3.4 dB below the baseline as explained in Section 
2.4.1. The axes of the graph were scaled to match the SNR plots in 
Section 2. 

The highest signal-to-noise ratio is 20 dB, observed at low 
altitude at a range of two miles. The furthest range of measurement 
is 6 nautical miles. There is little consistency in the reduction 
of signal-to-noise ratio with altitude - for example, the return is 
greater at 8.8 Kft (designated by dots) than at the lower altitude of 
3.6 Kft (designated by triangles). These measurements were made at 
well-separated locations. Also, the variation with range is not con- 
sistent - compare, for example, the circles and triangles. This 
inconsistency contrasts with the excellent correlation of returns 
from the ground on different dives at Edwards (see Figure F-9) . 

The cause is probably the variation in particle density along the beam. 



! 

TIME 

ALTITUDE 

■ 

18j59:37 

2.2 KPT 

♦ 

19t05iS3 

4.4 

i • 

21t42t03 

6.2 

1 • 

21 t56i40 

8.8 

« 

22t55:04 

3.6 








Measurements against air were also made in the 1972 flight test 
series ("A" series).* Tlie signa l-to-noise ratios at a range of two 
miles were; 


Altitude 


S/N (1972 series ) 


7 Kft 


4 dB 


7.4 


6.5 


9„4 


8.5 


13,5 


6.5 


The rise in signal-to-noise ratio with increasing altitude suggests 
a haze layer around 10 Kft. A comparison of values around 7 Kft 
for the 1972 and 1973 test series shows that the improvement for 
1973 was roughly 7 dB . This is 10 dB less than the improvement 
observed in the Edwards' tests of 17 dB (see Section 2.2). The 
discrepancy is due to the difference in scattering coefficient be- 
tween summer and winter - the 1972 tests were conducted in August 
and the 1973 test.s in January. The air tends to be clearer in 
winter than in summer, causing the backscatter coefficient to bo 
less in the winter tests. 


3.2 COMPARISON WITH THEORETICAL SIGNAL-TO-NOISE R?\TIO 


The theoretical signal-to-noise ratio for a coherent pulsed 
laser radar against air is given by:** 


S 

N 


E3X 

h V 




tan 



xP 


*Measurements are plotted in Figure 7 of Raytheon E/O Department 
memo 72-DAK-69. A correction factor of 3.4 dB should be added 
to the values in the graph due to improper reading of the rms 
noise level (see Section 2.4.1). 

**Derived in article by C. Sonnensclein & F. Horrigan, App . Op . 
Volume 10, No. 7, July 1971, pp. 1600-4. 
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for a photovoltaic detector, where 



F « 1 for beam < receiver FOV 

If the beam is unfocussed, it is smaller than the FOV at ranges 
greater than twice the range of receiver focus. The symbo3s are 
defined in Table F-1 of Section 2 with the following additions; 

P is the backscatter coefficient in units of meter ster 
c is the velocity of light = 3 x 10 m/sec 
T is the receiver integration time sa 4 tisec 

The values are the same as listed in Table F-1 except for the system 
loss factor which is; 

n 0,2 (7 dB) 

‘s 

The loss factor is 6 dB smaller due solely to definitions - the 
diffuse target factor (3.4 dB) and the mis-match of bandwidth to 
pulse length (~2.5 dB) are taken into account in the SNR equation 
rather than in the loss factor. 

The two atmospheric parameters - the backscatter and attenua- 
tion coefficients - have not been assigned values. The attenuation 
coefficient is determined from the in-flight temperature, humidity 
and altitude measurements by the techniques outlined in Attachment 1, 
It determines the atmospheric transmission by the formula: 



where P is the attenuation coefficient. The backscatter coefficient 
p is the biggest unknown. Very few data exist at 10.6 microns, and 
there may be none for altitudes above ground level. A rough value of 
p at ground level in winter is: 


i'i 

iU 1; 


0 


10.6 


10 ro 


-1 . “1 
ster 


It may e-dsily be an order of magnitude higher or lower depending upon 
particle content. Particle density counts were made on some flights 
but the calculation of backscatter coefficient from the particle 
counts is not possible without information on the size^ shape and 
refractive index of the particles. Also, there is no assurance 
that the particle samples, which are drawn in through a curved pipe 
protruding from the side of the aircraft, are truly representative 
of the air in the laser beam. A comparison of the particle counts 
and the backscatter returns as a function of altitude was made to 
see if there is a correlation.* 


The theoretical signal-to-noise ratio was calculated with the 

aid of a computer and plotted in Figures P-19 for a backscatter coef- 
—8 

ficient of 10 per meter per steradian and no atmospheric loss. 

Five conditions of focus and effective aperture size are shown which 
are the same five conditions as examined for the Edwards data in 
Section 2. Note that the curves are virtually identical to the 
Edwards' signal-to-noise ratio curves except for a downward displace- 
ment of 23 dB, which indicates that the SNR equation against air 
can be approximated by the SNR equation against the ground with the 
appropriate reflectivity. The equivalent reflectivity of air in 
terms of the backscatter coefficient is: 


or 


a R. 2.5 X 10 3 

^3 


air 

pCir) « 2 X 10^ 3 
for the CAT laser radar, where 3 is in units of (meter-ster) 


*See Raytheon memo EM 73-1115 by A. Jelalian 
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The curve of best fit for the Edwards data is the SNR plot for 
receiver focussed at 6000 feet, a receiver aperture of 10 inches, and 
a total system loss of 15 dB (curve D in Figure P-19) , The same curve* 
fits well to selected returns from the air as shown in Figure P-20, 

The data at 2.2 Kft altitude at 18:59:37 on flight B8 are plotted, 
and the backscatter coefficient for the theoretical curve is 
7xl0”\”^sr'’^ rather than 10“®m'"^sr’’^. Therefore, the backscatter 
returns from air tend to confirm the conclusion of the Edwards' tests, 
that the receiver was focussed at 6000 feet. 


The backscatter coefficients for the data plots in Figure P-18, 
assuming the system loss determined in the Edwards' tests, are; 


Time 

18:59:37 

22:55:04 

19:05:53 

21:42:03 

21:56:40 


Altitude 

2.2 Kft 
3.6 
4.4 

6.2 
8.8 


ei0.6U 

7 X 10 ^m sr ^ 
0 . 8 
4 

0.7 

1 


These coefficients apply to well-separated locations across California 
in winter. 


3.3 CAUSES OF SIGNAL FLUCTUATIONS 

The sequence camera photographs of the A-shope show that the 
backscatter return fluctuated rapidly with rang‘d on individual pulses. 
These fluctuations, which reach 20 dB over the '14 pulses of each 
photograph, are due to various causes: 

a. Target scintillation. The amplitudfif variations from tar- 
get scintillation follow a Rayleigh distribution and could 
produce a complete nulling of the signal, depending upon 
the relative positions of the scatterers in a volume element. 

*The equivalent system loss against air is 9 dB since there is a dif- 
ference of.,;6 dB.4.h. the SNR equations due to differences in definitions 
as explained earlier. 
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b. Atmosphere scintillation. Distortion of the wavefront by 
variable refractive indices along the beam degrade the sig- 
nal for a coherent receiver. However, atmosphere scintil- 
lation is not a major cause of the fluctuations because 
its effect is to reduce the signal at all ranges rather 
than at selected ranges which the data show. If turbulence 
near the laser were the major cause, the returns on indi- 
vidual pulses would be smoothly varying functions with 
range at various amplitudes. 

c. Laser instabilities. This is also ruled out as a major 
source of the signal variations for the same reason. The 
effect of a frequency or amplitude wander or multiple fre- 
quencies is to degrade the signal equally at all ranges 
rather than at the selected ranges actually observed. 

d. Variations in the particle content. .If the signal return 
is primarily from a few large particles, then wide ampli- 
tude fluctuations would result from variations in the num- 
ber of particles per sampling volume. However, such varia- 
tions are not expected to result in a smooth, well-defined 
envelope as observed in SC photo 999. Also, the high 
signal levels indicate large numbers of particles are 
present . 

e. Doppler variations. Variable winds along the path produce 
doppler variations which, could shift the frequency outside 
the bandwidth of the receiver. Since the bandwidth is 

250 kHz, a change of only 4 ft/sec shifts the signal out- 
side the receiver passband. However, since the wind pat- 
terns are not likely to change over the one second exposure 
time of each SC photo, the peaks and valleys should occur 
at approximately the same ranges on all the pulses, which 
was not observed. 
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f, Noise. At the lower signal levels the noise during the 
signal is sufficient to produce noticeable variations in 
signal level. However, noise cannot account for the sub- 
stantial fluctuations at the higher signal levels. 

It is difficult to pinpoint which of the above possible causes is 
primarily responsible for the signal fluctuations, but if one had 
to be picked, it would be target scintillation. This contrasts with 
atmospheric scintillation as the primary cause of the signal fluctu- 
ations against a hard target at a given range (Rogers Dry Lake) , dis- 
cussed in Section 2.4.2, 

The signal intensities were recorded not only on the A-scope 
but also on the IVI which plots intensity against frequency (velo- 
city) at a given range. One important difference is that the IVI 
integrated 50 pulses while the A-scope was limited to single pulses. 
Hence, the effects of integration can be observed.* Preliminary 
indications are that pulse integration does improve the signal-to- 
noise ratio at high altitudes since some returns were observed on 
the IVI above 20,000 feet and there were no observable returns on 
the A-scope. However a more careful examination of the IVI output 
is necessary to determine the improvement factor. 


*The calibrated IVI output was not available to me so I was not 
able to correlate IVI and A-scope returns - D.K. 



SECTION 4 


TURBULENT CLOUD TESTS 


During the 1973 flight test program the aircraft flew into 
regions of severe air turbulence in order to evaluate the CAT laser 
performance against turbulence. The flights were conducted over the 
Owens Valley in California through cumulus clouds which were fed by 
high winds from adjacent mountain ranges. The laser operated con- 
tinuously during these flights even though the aircraft encountered 
forces as great as 1.24G above normal. 

The high turbulences were clearly shown on the laser radar dis- 
plays well before they were reached. They appear as wide returns on 
the Range/ Velocity Indicator (RVI) . The time of encounter is pre- 
dicted from the range and aircraft velocity, and the severity of the 
turbulence is shown by the width of the RVI signal. The aircraft 
generally avoided the turbulent clouds for safety reasons. Thus, 
only one correlation could be made between the Doppler spread of the 
laser return and the turbulence actually encountered. The flight 
turbulence was measured by accelerometers located in the aircraft. 

4.1 RETURNS FROM TURBULENT CLOUDS 

Typical sequence camera A-scope and RVI returns from clouds are 
shown in Figure P-21. The five photographs show the more interesting 
returns from the flights. The A-scope is on the bottom and the Range/ 
Velocity Indicator (RVI) on the top. The scale is 2.64 MHz/div. ver- 
tically and 2 nau. miles/div. horizontally on the RVI and 10 dB/div. 
vertically on the A-scope. (For 10.6 micron radiation one MHz of 
doppler shift is equivalent to 17.4 ft/sec.) The A-scope return does 
not always correlate with the RVI signal because the A-scope shows 
the return only at a single frequency. 
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CAT FLIGHT B8 - January 15, 1973 - Run 12 

Figure F-21. Cumulus Clouds in Bishop Area - Altitude 17,000 Ft. 

(Sheet 1 of 2) 
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- (continued) 


- Altitude 17,000 Ft. 


A study of the cloud returns indicates that: 

• As many as three well-separated clouds were detected 
simultaneously by the laser radar (see Figure F-21a.) 

. Doppler widths were as large as 5.5 MHz, showing a wind 
velocity spread of 60 mph in the space of a mile (see 
. Figure . F-2 lb. ) 

• Clouds were detected at ranges out to 9 nautical miles. 

• Signal-to-noise ratios exceeded 20 dB. 

• The extent of laser beam penetration into a cloud was as 
much as three nautical miles 

One conclusion from these observations is that 10.6 micron radiation 
penetrates certain types of cumulus clouds well. A visual check 
showed the clouds to be opaque to visible radiation (see Figure F-3) . 

In spite of the good penetration, the backscatter return was still 
high - in ore instance when two clouds were detected simultaneously 
the signal-to-noise ratio was 13 dB from each one. 

Clouds were detected on 37 occasions during the two flights 
along the Owens Valley, B4 and B8. The characteristics of the clouds 
as determined from the sequence camera photographs are summarized in 
Tables F-3 and F-4. The clouds were more turbulent on Plight B4 
than on Plight B8 as the Doppler widths indicate, 

4.2 CORRELATION OF LASER RETURN WITH FLIGHT TURBULENCE 

The correlation between the CAT laser radar returns from a tur- 
bulent cloud and actual flight turbulence was successfully demonstrated 
and is shown in Figure F-22, which was taken from Progress Report 11. 
The Intensity /Velocity Indicator (IVI) , which displays intensity 
against frequency (velocity) at a given range, is shown on the top 
and the aircraft acceleration on the bottom. The range of the IVI 
was set at 2.25 nautical miles. Flying at a recorded speed of 350 
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Cloud Turbulence Correlation 



knots, the aircraft should encounter the turbulence 23 seconds 
later. The aircraft vertical accelerometer recorded a strong im- 
pulse 24 seconds afterward, showing excellent correlation between 
turbulence as predicted by the CAT laser radar, and the turbulence 
as experienced later by the aircraft. 

The accelerometer scale can be calibrated by comparison with the 
digital accelerometer data in the in-flight data print-outs. The 
highest value of acceleration occurring in the time interval of the 
measurement is recorded. There are print-outs for ten-second, five- 
second and one-second intervals. The values for one-second intervals 
in the period depicted in Figure F-22 are listed in Table P-4. There 
is an excellent match if the printed values are plotted on a vertical 
scale of 0.32G per box with the zero-G level (rest state) set at 
1.43 boxes above the centerline. Therefore, at the 24-second mark 
a downward force of 0.3G relative to rest changed to an upward force 
of 0.45G in less than a second. The largest upward force was 1.24G 
above normal, encountered at 23:43:12 on Flight B4 , 
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TABLE F-5 


IN-FLIGHT RECORDED ACCELERATIONS 

Flight: B4 

Time Period; 23;53;09 to 23; 53:59 GMT 


Time 


Vertical 
Accelera t ion 


Time 


Vertical 

Acceleration 


23 : 53:09 

0.36 

g 

23 : 53:35 

0.20 

10 

.37 


36 

.05 

11 

.41 


37 

-.04 

12 

.35 


38 

-.15 

13 

.46 


39 

.08 

14 

.56 


40 

-.12 

15 

.49 


41 

-.10 

16 

.42 


42 ■ 

-.05 

17 

.48 


43 

-.06 

18 

.38 


44 

-.26 

19 

.29 


45 

-.08 

20 

',36 


46 

-.06 

21 

.22 


47 

-.12 

22 

.28 


48 

-.20 

23 

.39 


49 

-.19 

24 

.27 


50 

-.10 

25 

.20 


51 

-.04 

26 

.37 


52 

-.05 

27 

.27 


53 

.07 

28 

.16 


54 

.05 

29 

-.01 


55 

.03 

30 

.02 


56 

.11 

31 

0 


57 

.05 

32 

.10 


58 

.05 

33 

.41 


59 

.16 

34 

.42 
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SECTION 5 


MISCELLANEOUS TARGETS 

The returns from all targets other than Rogers Dry Lake at 
Edwards AFB, clear air and turbulent clouds are discussed in this 
section. These targets are: 

Mountain (partially snow-covered) 

Ground (prior to landing) 

Dust clouds 
Cumulus clouds 
Cirrus clouds 

* 

In general, the returns followed approximately the same slope with 
range as the the Edwards data. The reflectivities of the targets 
based upon the calibration from the Edwards tests are listed in Table 
F-6. 


Continuous returns from cirrus clouds were detected out to 8 and 
possibly 14 nautical miles at altitudes between 30 and 40 thousand feet. 

5 . 1 SIGNAL-TO-NOISE RATIO MEASUREMENTS 

All the targets except for cirrus clouds were detected on the last 


flight, B8. The altitudes and 

times of 

detection 

are : 

Tarqet 

Altitude 

Run 

Time (GMT) 

Mountain 

^10 Kft 

20 

21 hr: 38 min 

Ground (before landing) 

6 

21 

21:52 

Dust cloud 

6 

20 

21:43 

Cumulus clouds 

,>.16 

19 

21:30 
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TABLE P-6 


TARGET REFLECTIVITIES AT 10.6 MICRONS 


Target 

Backscatter Reflectivity. o(n) 

Ground (Edwards)^ 

5x10”^ ster“^ ® 

Ground (S.F. area) 

5xl0“^ 

,..-3 

Mountain (snow?) 

5x10 

Cumulus clouds 

^ 8x10"^ ^ 

Dust cloud 

3xl0”^ ^ 

» • c 
Air 

^ 2x10"^ 


Notes ; 

a. Reference target. Measured by R. Seavey on flat, 
dried sample (see Raytheon memo 73-RES-2) 

b. These values may be low because any overflow of 
the return outside the 250 kHz bandwidth due to 
doppler spread was not taken into account. 

c. Equivalent reflectivity based upon parameters of 

the CAT laser radar and an air backscatter coeffi- 
“8 —1 —1 

cient of 10 meter ster . (See Section 3.2) 
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The mountain and clouds were in the Owens Valley area and the ground 
is in the general area of San Francisco. The dust and cumulus clouds 
were also detected on other occasions during the flight test series. 

The measurements of signal-to-noiso ratio against these targets 
are plotted in Figure F-23. The Edwards data are also plotted for com- 
parison. The signals from the hard targets, the mountain and ground, 
were of similar amplitude to the signals from the dry lake at Edwards, 
indicating that the dry lake was not an unusual target from the view- 
point of reflectivity. Note also that the slopes of the miscellaneous 
target data tend to follow the slope of the Edwards data, which was 
most closely fit by the 6000 foot focused receiver curve. 

The cumulus and dust clouds are turbulent and tended to spread 
the return signal over a frequency band larger than the bandwidth, 
Therefore the measured signal-to-noise ratios are too low by a few dB. 

5.2 REFLECTIVITY 

The reflectivities are determined by comparison to the calibrated 
Edward's data. Assuming the system losses remain the same, the reflec- 
tivities are in the same ratio as the signal-to-noise ratios. A 
correction factor is applied for the difference in atmospheric atten- 
uation. Figure F-13 of Section 2 shows a typical variation of atten- 
uation coefficient with altitude. Based upon these data the attenua- 
tion coeff icient.s are estimated to compare with the Edwards coefficients 
as follows; for mountain, roughly 0.1 dB/km lower? for ground in San 
Francisco area, roughly 0.1 dB/km higher; for cumulus clouds at 16,000 
feet altitude, approximately 0.15 dB/km lower? and for the air around 
dust clouds, roughly 0.1 dB/km higher. 

The reflectivities as determined from the measurements are listed 
in Table F-6. It is interesting to note that the reflectivities of 
the ground - Rogers Dry Lake at Edwards, a mountain, the area around 
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Figure F-23. Signal- to-Noise Ratios for Various Targets 


• MOUNTAIN 

■ GROUND (BEFORE LANDING) 
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A DUST CLOUD 
















San Francisco - are all the same in spite of the differences in sur- 
faces. The reason for this similarity is not known. 

5.3 CIRRUS CLOUDS 


Cirrus clouds were detected on numerous occasions during the 
flight series, particularly on Flight B6 on January 16 toward Gary, 
Indiana. When the aircraft flew in the clouds continuous returns were 
received out to 8 and possibly 14 nautical miles. From the sequence 
camera record, 

A-scope showed returns out to 6 miles 

RVI showed distinct return out to 8 miles 

RVI showed faint return out to 14 miles. 

The RVI has greater range because it integrates pulses. The alti- 
tude of the aircraft was 30 to 40 thousand feet. 

The signal-to-noise ratios are plotted in Figure F-24, They reach 
as high as 20 dB which is within 5 dB of the peak return from cumulus 
clouds. Note that the return at 19:10 marked by dots is low initially 
but extends out to a further range than the other two returns, indi- 
cating a lower density cloud and greater penetration of the laser 
radiations. A signal through 8 miles of cirrus cloud shows excellent 
penetration by 10,6 micron radiation. 
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Figure F-24, Signa 1-to-Noise Ratios from Cirrus Clouds 
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SECTION 6 


EVALUATION 

The January 1973 flight test series demonstratec3 that the CAT 
laser operated consistently during all types of flight conditions 
within 2 dB of its theoretical performance and that it could detect 
and measure turbulence in front of the aircraft. The question to 
be answered here is how much improvement is still required to detect 
Clear Air Turbulence at high altitude. 

A. Jelalian derived the required improvement to be roughly 20 
dB in Raytheon memo EM-73-1115. Although a somewhat different approach 
was used, the same conclusion was reached that roughly 20 dB of system 
improvement is necessary. 

The determination of the required imprC'vement is outlined in 
Table P-7. The actual flight test results were used as the starting 
point, vis., that the signal-to-noise ratio against air was roughly 
15 dB at low altitude at 2 nautical miles range as shown in Figure 
F-18. From there the required improvements are determined to be: 

^ ll dB for a detection range of 5 nautical miles 

^ 18 dB for a detection range of 10 nautical miles 

^ 26 dB for a detection range of 20 nautical miles 

at an altitude of 40,000 feet. Since the desired detection range is 
10 to 20 nautical miles, the required improvement in SNR is roughly 
20 dB. 


The required improvement is plotted against range and altitude 
in Figure F-25, 
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Tlie assumptions in the above analysis are: 

a . The receiver was focussed at 6000 feet during the 
January tests; also that it can be properly colli- 
mated in future systems. 

b. The backscatter coefficient is a factor of 16 lower 
at 40,000 feet (P~10 per meter-ster) and a factor 
of 5 lower at 20,000 feet (P'*"4xl0"’^^ per meter-ster), 
compared with ground level. 

c. The atmospheric attenuation coefficient is 0.1 dB/km 
each way at 40,000 feet and 0.15 dB/km at 20,000 feet, 

d. A SNR of 8 dB is sufficient for detection, and any 
reduction from frequency - broadening of the signal 
beyond the bandwidth due to turbulence is not detri- 
mental. 

The SNR improvement can come from a variety of sources. The 
logical ones are: 

1. Reduce the losses. The observed loss exclusive of the 

detector is 15 dB which is detailed as follows: 


Optics (beamsplitter, GE window, lenses) 3 dB 
Extended diffuse target, Gaussian beam 5 dB 
Target depolarization 1 dB 
Receiver electronics ‘ 4 dB 
Unexplained 2 dB 


It may be possible to eliminate up to 5 dB of these losses 
but a couple dB is more likely. 

2, Pulse integration. The SNR can be improved by the number 
of pulses if the integration is perfect and the signal 
amplitude remains constant. However, the signal ampli- 
tude varies widely, and analytical integration of the 
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Edwards returns showed that there was virtually no improve- 
ment in integrating 50 pulses. At higher altitudes the 
air turbulence, which is the primary cause of the signal 
variation, is less severe. Hence, there may be substantial 
improvement from integration, though by less than the number 
of pulses. 

3. Increase the laser output. If all else fails, the improve- 
ment must come from this source. 

4. Other system improvements. Two possibilities are the 
detector and the aperture. The quantum efficiency of 
the HgCdTe detector in the test was approximately 0.25, 
so there is little room for improvement here. Enlarging 
the effective aperture from 10 to 15 inches only increases 
the signal-to-noise ratio at 10 miles by 3 dB in theory, 
and perhaps less in practice. due to turbulence limitations. 

Therefore, pulse integration and increasing the laser output are 
the most promising areas for realizing the 20 dB improvement in 
signal-to-noise ratio., 


ATTACHMENT 1 


CALCULATION OF ATMOSPHERIC TRANSMIS&^ION 


The method of determining the transmission of CO 2 laser radia- 
tion from the temperature, humidity and altitude is explained here. 

The atmospheric attenuation during the dives at Edwards AFB discussed 
in Section 2 and the air backscstter measurements in Section 3 is of 
interest. 

The two major attenuators of CO 2 laser radiation are water 
vapor and carbon dioxide. A third attenuator is aerosols, primarily 
water droplets, but their effect is generally less significant at 
10.6 microns unless a dense haze or fog is present. 


1.1 ATTENUATION BY WATER VAPOR 

To determine the attenuation from water vapor, the relative 
humidity, temperature and pressure are required. The parameters moni- 
tored in flight are the static temperature, dew frost temperature and 
altitude. The relative humidity is calculated from the static and 
dew frost temperatures by the formula: 


where 


and 


RH = 10^“^' 




(1 + ^ ) 


B 


T 

s 


(1 + i) 

B 


A = 7.5 

B = 237.3 


(F-3) 


where T^ and T^ are the static and dew frost temperatures . The water 
vapor content, measured in terms of its partial pressure, is given by: 


p « RH X Partial pressure of HgO for 100% humidity 


RH X 5.2 X 10 


0.0259T 

s 


(F-4) 


for the temperature region of interest. The attenuation of 10.6 micron 
radiation due to water vapor was measured by J. McCoy, D. Rensch and 
R. Long^ to follow the formula * 

Mjj Q = 4.32 X 10“^p (P+193p) (F-5) 

2 

Here, *^h 20 is the attenuation coefficient due to water vapor, in km”*^ 
p is the partial pressure of H 2 O, in Torr 
P is the total pressure, in Torr 
As an approximation over the altitudes of interest, 

P 760 X 10 "° (F-6) 

where H is the altitude in thousands of feet above sea level. 


1.2 ATTENUATION BY CARBON DIOXIDE 

The second significant attenuator of CO« laser radiation is 

2 ^ 

carbon dioxide. P. Yin and R. Long have calculated the absorption 
at the center of the P(20) line as a function of altitude. From 
their data, 

r; 0.072 - 0.002H 

for January, where the altitude H is in thousands of feet, 
mation is valid up to an altitude of 12 km (40,000 feet). 

1.3 TOTAL ATTENUATION 

Tlie round-trip atmospheric transmission along a slant path is 
given by: 

\ \ 

r)g = exp (2j^|a(R')dR') 

v\/here R is the path length and R' is the range along the path. The 


(F-7) 

The approxi- 


' L a...-?.- ‘JM. a- . I ■ -- I V i'll ft I'f-. ~ I 7 t li I li^ 


F-81 


(P-9) 


attenuation coefficient w(R*) is; 


l^cOj 9^''®" '=1' (F-7) and n Is siven by equations 

(F-6), (F-4) and (P-3). The atmospheric transmissions were determined 
by this technique in Sections 2 and 3. 
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7/69, pp. 1471-8 

2. P. Yin and R. Long, App. Op ., Vol. 7, No. 8, 8/68 
pp. 1551-3 
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ATTACHMENT 2 


SEQUENCE CAMERA DATA 

A review of the targets, signal-to-noise ratios and other para- 
metric data in the sequence camera films of the A-scope and RVI is 
given in this Attachment, The flights covered are B8(21) on January 
which contained the most information and B2(15) on January 12 which 
included the dives at Edwards, The time history of Flight B8 is 
given on pages F-85 through F-90 and the signal-to~noise ratios on 
pages P-91 through F-95. Flight B2 is covered on pages F-96 through 
F-100. 

All siqnai-to-noise ratios in this Attachment must be raised by 
3.4 dB . The rms level of the noise was improperly located in the 
early days of the data ana3-ysis and was subsequently found to be 
3.4 dB below the A-scope baseline (see Section 2.4.1) . 
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mu 


SUMMARY SHEET OF TARGETS ON SEQUENCE CAMERA FILM, 
FLIGHT B8 (21), 1/19/73 


RUN 

SC PHOTOS 

TARGET (S) 

1 

TO 127* 

CLEAR AIR 

2,3 

147-163* 

CIRRUS CLOUD** 

4 

185-267* 

CLEAR AIR** 

5 

274* 


6,7,8 

280-972* 

DUST CLOUD, GROUND, CLEAR AIR (OVER SAND HILLS 
NEAR IMPERIAL VALLEY) 

8, 9 

982-1471 

CLEAR AIR, DUST CLOUD 

11, 12 

1670-2073* 

DUST CLOUD, GROUND** 

14 

2106-2387* 

GROUND, DUST OVER GROUND** 

17 

2438-2589* 

GROUND, CLEAR AIR** (EDWARDS) 

18 

2696-2850 

GROUND, DUST CLOUD** (EDWARDS) 

19 

2885-2948 

TWO CUMULUS CLOUDS (OWENS VALLEY) 


2973 

CUMULUS CLOUD (OWENS VALLEY) 

20 

3025-3074 

MOUNTAIN (OWENS VALLEY) 


3093-3225 

CLEAR AIR, DUST CLOUD**, GROUND** (OWENS VALLEY) 


3236-3341 ‘ 

TWO CUMULUS CLOUDS (OWENS VALLEY) 


3503-3826 

CLEAR AIR, MOUNTAIN, CUMULUS CLOUD** (OWENS VALLEY) 


3840-3857 

CUMULUS CLOUD** (OWENS VALLEY) 


3062-3883 

CUMULUS CLOUD** (OWENS VALLEY) 


3929-3946 

TWO CLOUDS** 


4084-4099 

CUMULUS CLOUD 

21 

4323-4342 

CIRRUS CLOUD** 


4352-4416 

CIRRUS CLOUD** 


4552-4988 

GROUND (NEAR MOFFETT) , CLEAR AIR, CUMULUS CLOUD** 


) ' 


•* 'i- SCOPE NOT FUNCTIONING PROPERLY 
** PROBABLE TARGET 
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CAT PLIGHT TEST DATA REDUCTION 

REVIEW OF SEQUENCE CAMERA FILM PLIGHT B8 (21), 1/19/73 


GMT^ SC Photo^ 


17;11 
(Run 1) 


17:12:08 127 


17:26:11 147 

(2,3) 

163 

18:16:19 185 

(4) 

267 

18:30:27 274 

(5) 

18:38:07 280® 

(6) 

281 


301 

325 

341 


18:49:07 

(7) 


637 


647 


Signal 

Clear air returns were observed during flight up 
to altitudes of 24 Kft. However, no signals ap~ 
pear on A-scope, only slight signals on RVI, ~ 0.5 
MHz wide (see for example SC 0094) . 

Last (?) trace of RVI signal appears, H ” 24 Kft. 
Possible returns on 133, 137-6. 

Slight backscatter return on RVI, probably from 
cirrus cloud. No A-scope correlation. 0.2-1 MHz 
width, H = 27 Kft. 

Last trace of signal 

Slight signal on RVI, flight over sand dunes, no 
clouds noted. No A-scope correlation. ~ 0.2 MHz, 

H = 15.3, level flight 
Last trace of signal 

Signal appears on RVI at range of 12-16 mi., 

H = 9.44, level flight 

Signal appears at 5-6 mi. 

Second signal appears at 11 mi. on RVI, ~ 3 MHz 
away from first signal. Closer target may be a dust 
cloud, further target the ground. Still no A-scope 
, correlation. Depression angle fa 5° . A3 MHz sep- 
aration indicates 30 knots, data sheets show a 
40 knot wind 7° away from the aircraft velocity 
vector, hence there is an approximate correlation. 
Par signal (ground) disappears 
Near signal ends 

Near signal returns in strength. Indicates aircraft 
is passing back and forth through a dust cloud, con- 
firmed by in-flight notes. Signal on RVI extends 
out to ~ 6 mi, still no A-scope signal. A-scope 
apparently is not working. 

A second signal appears at 8 mi., offset 2 MHz 
from the first. The backscatter return (first) 
snakes through ~ 0.5 MHz, indicating a shear. Data 
indicates beginning of descent (sand hills near Im- 
perial Valley) . 

A third weaker signal appears at very close range 
(;S 2 mi) , 2 MHz away from the strong backscatter 

return, its separation varies to 4 MHz away in SC 
700 's, finally disappears ~ sc 800 . 

The two strong signals merge into one in range, ex- 
tending out to 6 miles. Ground signal comes as 
close as 5 mi. 

Ground signal disappears (but reappears momentarily 
on SC 699 and 700) . Data sheets indicate end of 
dive. Backscatter return continues on RVI, strong 
and wide (^ 3 MHz) . 
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680 


GMT 

SC Photo 


// 

968 / 

(8),..-' 

58:19 

969 

971 

972 

18:S9;17 

982® 


993 
V 998 
999 


1110-13 

19:03:07 

^(9) ^ 

1142 


1255 

07:38 

19:39:13 

(11) 

- 1275 

1364 
1471 
(Reel 2) 
1670 


1671 

41:30 

(12) 

1785 

1945 

5&;49 

2073 

20:29:05 

(14) 

2106 

2122 


2239 

34:37 

2387 

20:50:26 

2438 


signal 


(17) 


21:01:06 

(18) 


2589 

2696 


A-scope finally works , 
scatter 

See Table 1 for SNR, H 
See Table 2 for SNR 
Air return finally disappear^ 


Shows high SNR for bacTc- 

■ I 

2.2 Kft. 


// 


Backscatter signal out to ~ 4 mi, 

H = 2.2, V = 217 knots. 

See Table 3 for SNR 

See Table 4 for SNR ^ 

See Table 5 for SNR. Low SNR's at ranges less than 

2 mi. may be due to receiver malfunction, 

c Slight break-up of air return into two separate 
doppler segments 

First appearance of well-separated doppler signal, 
rv 3 MHz apart. One signal extends out to 7 mi. on 
RVI (SC 1246), the othevj to ~ 2 mi. 

Long doppler signal snakes across RVI. Correlation 
of snaking effect by A-scope 
See Table 6 for SNR. H w 4.4. 

One signal (out to 6 mi) finally ends 
(End of reel. Next one started a half hour later.) 

Signal appears on A-scope out to ~ 6 mi, probably a 
dust cloud. Signal snakes in frequency through 
r- 0.3 MHz. H ~ 10 Kft, , in middle of 50 dive. 

A second signal appears at 12 mi, offset ~ 2.5 MHz 
from the first, probably the ground. No A-scope 
correlation (it does not appear to be functioning) . 
Ground signal disappears (receiver is overloading) . 
Occasional second signal appears at 5-8 mi. around 
this time. 

Air return f ihitliy , disappears 

Signal (probably the ground during the dive) at 9.4 
mi. Width 0.7 MHz, .v. 1 mi long. 

Signal begins to appear on A-scope, however, its 
amplitude is much lower than expected. Suspect A- 
scope still not functioning properly. 

Two separate signals appear - dust moving over 
ground 

Last trace of all signals. 

Ground first appears at end of scale fbfc Run 17 at 
Edwards. Values appearing on A-scope are approxi- 
mately an order of magnitude lower than values 
called out during flight. The SC A-scope is still 
not functioning right. x 

Ends dive. Only air return out to 4 + mi. remains. 

^ / 

Ground first appears at end of sca/le for Run 18 at 

Edwards." | 

A- Scope now working. 

See Table 7 for SNR. _ 
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GMT SC Photo 


2X;22:52 2885® 

(19) 



2912 

2913 
2916 


• 2922 

24-.03 2948 


21:i30;00 2973 


21:30:15 3025® 

( 20 ) 

3040-5 

3073-4 


21:41:17 3093 


3120 

3128 

3132 

3141, 44, 
52 

42:43 3173- 

21:43:14 t 3177 


Signal 

Slight dust cloud attenuates beam . Dust return 
is especially apparent when ground is < 4 mi away. 
It is offset ^ 1.5 MHz from ground return, data 
sheets indicate a ~ 30 knot ground wind 70° 
away from aircraft heading, hence its doppler sep- 
aration should be .V 1 MHz. 

Printed data: V held at 300 knots (+ 10 knots 

for .most of dive), ^Pi-dic “ - 6.8’^D with 

typical value of 6®D, cndrefore laser is pointed 
t 1.5° « 7.50 down. 


Signal appears at 5 mi, probably from cloud. Notes 
indicate Owens Valley, just past Mt. Whitney, Cloud 
length 1.7 mi, doppler width 1 MHz, H == 14.4 Kft 

V « 308, cp. , » 2.7°u, heading remains constant at 
this time (t 2o) . 

See Table 8 for SNR, 

Second cloud appears at 5.5 mi, same doppler shift. 
SNR of second cloud w 10 dB at 5.5 mi. 

SNR of cloud #1 R3 10 dB at 2 mi, SNR of cloud #2 
w 0 dB at 5 mi. 

Both clouds merge. 

Cloud return disappears as aircraft closes in on it. 
Slight turbulence was encountered shortly thereafter 
(.^ 0.16 G) . 

Cloud return appears at 3 mi on 12 out of 13 frames, 
~ 1.7 mi in length, 1 MHz wide. H ® 16.3, V « 302, 
•cp = 1.7°U, heading constant for 80 sec afterward. 

Strong signal at 8 mi. Probably a mountain because 
cp s 2 . 50 D. Return is very strong and narrow 
(.s. 1,3 mi) . 

See Table 9 for SNR. T' 

Return starts to recede and approach again. Data 
sheets indicate a 30° roll is starting. 

Signal suddenly disappears. Indicates target was 
a mountain the plane was heading for and had just 
looked over a ridge. Distance of closest approach 
Rs 5 mi. 

Signal appears at close range, extends out to ~ 4 
mi. Apparently an air backscatter return. H = 6.2, 

V = 330. 

See Table 10 for SNR. 

See Table 11 for SNR. 

See Table i2 fdi; SNR. 

s/n 8 dB at |T^inimum range. 

Signal is disappearing. H w 6 Kft. 
strong signal appears at 3 mi. Data shows slight 
dive, prior to an ascent. Plane starts at 5.7 Kft, 
divjas to 4.35, then rises again. Length 2.5 mi 

(Sd32Q9) . 

See Table 13 for SNR. 


0 


GMT 


SC Photo 


Signal 


44:09 

21:45:45 

21:49:39 


50:27 


21:55:51 


07:44 


3187 


3219 

3225 

3236‘ 


?3265-74 

3293 

3314" 

3315 

3316 
3319 

3325 

3326 
3329 
3341 

(Reel 3) 

3503a 

3505 

3507 

3510 

3515 

3538 

3545 

3546 

3548 

3602 

3605 

3607 


In-flight notes indicate dust cloud in Owens Valley 

Second signal at same range but different doppler 
shift 3 MHz away) appears. Probably the ground. 
It may have been off scale in frequency on earlier 
photos . A 

Ground return disappears . 

Air return disappears. Data indicate plane in turn, 

Signal appears at 4-5.5 mi, ~ 0.6 MHz wide, prob- 
ably a cloud. 

See Table 14 for SNR. 

Signal sporadically disappears and reappears. Re- 
ceiver, overloading.- o 

Signad^A appears at 4 mi, probably the dust cloud. 
Just <;^pmpleting turn. Doppler width 1.5 MHz. 
Second signal appears, 1.5 mi further away, 
same doppler shift. 

SNR of #2 Us 5 dB at 4 mi when SNR of #1 is 15 dB 
at 1.5 mi. 

SNR of #2 is 9 dB at 3.5 mi when SNR of #1 is 10 dB 
at 1.5 mii 

Signal for first cloud disappears as plane gets 
close to it. SNR of #2 is 10 dB at 3 mi. 

SNR *= 13 dB at 2 to 3 mi. 

SNR = 18 dB at 2 mi. 

SNR = 19 dB at 1.7 mi. 

Signal disappears. 


Backscatter signal out to 3.5 mi, 0.6 MHz wide, 

H = 9 Kft, V = 284, Prf 1®U, constant heading. 

See Table 15 for SNR 
See Table 16 for SNR. 

See Table 17 for SNR. 

Signal extends out to 6 mi on RVI. 
s/N = 11 dB at 2.7 mi. 

See Table 18 for SNR. H = 8.8. 

A second signal suddenly appears at ~ 4.5 mi, 2 
MHz away but lasts for only two photos. 

S/N =14 dB at 2 mi. 

Second signal appears at 9 mi, 2 MHz away. Plane 
is in turn (10® in 20 sec) . - 
Third signal appears just beyond first signal 
(range r- 4-5 mi) offset ~ 1 MHz in frequency. 
Positions of three signals: 


fy 


Signal 

1 

3 

2 


Range 
2-4 mi 
4-5 
-.8-9 


Freguencv Offset from #1 

r- - 1 MHz 
- - 2 


■ f 

W 




II 

•i.' 


■ ■( 
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GMT SC PHoto 
58:27 3636 


22:02:19 


3645 


3646 

3650 

3652 


3681 

3686 

3739 


3766 

3767 


3774 

3826 


22:04:48 

3840^ 


3841 

3857 

22:06:02 

1 ■ 

3862 

0 

3870 

3883 

}. 22:07:23 

; 

3929 

\ 

3939 

3942 

p 07:44 

3946 

U 22:10:27 

4084 

f ' 

4099 

^ 22:34:01 

(21) 

4323* 



Signal 


Frequency spread of three signals has doubled. 
Aircraft heading = 335° at 58:16, 352® at 58:55. 
Last trace of signal #3. 

A-scope finally on Signal #2. S/N « 16-21 dB at 
7.4 mi. High sharp signal indicates hard target. 
Signal #3 has disappeared but Signal #1 at minimum 
range is still present to attenuate signal #2. 

S/N * 16 dB at 7 mi. 

S/N “ 19 dB at 7 mi. 

Signal #2 abruptly disappears. Target appears 
to have been a mountain that the plane had just 
turned from. 

A second signal appears at 5 mi, 2 MHz away. 

Second signal disappears. 

A second signal appears at 5.5 mi* <.^0.2 MHz away, 
S/N ~ 4 dB, signal on only one photo. 

A second signal appears at 7 mi at same frequency. 
S/N of close signal rj 8 - 14 dB, S/N of far signal 
pd 4 dB at 7 mi. 

Second signal disappears. 

First signal finally, but gradually, disappears. 
Data sheets indicate plane is ascending. H = 14 Kf 
(plane was at 7.5 Kft two minutes earlier). So 
near return (signal #1) was clear air baplcscatter , 


Signal at 7 mi, looks like cloud, 12 ijsec long, 
1 MHz wide. H = 14 Kft, V = 320, cp - 0°. 

S/N “5-17 dB at 7 mi. 

Signal disappears. 


Signals appear at 3 and 7.5 mi. Closer signal in- 
creases on subsequent photos, further signal dis- 
appears . 

S/N = 16 dB at 1.7 mi, extends out to 5 mi. 

Close signal disappears, segment remains at 6 mi, 

^ 8 \isec long. 

Signal disappears. 


Signal appears at 5 mi, probably a cloud. See 
Table 19 for SNR. 

Signal disappears. 


Signal appears out to 4 mi. Looks like air back- 
scatter but is quite strong, may be cirrus cloud. 
H - 22.4, cpina “ 4 . 9 OD. 

See Table 20 for SNR. 
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\ X . 

^ * t 


Slight backscatter signal at minimum range. Its 
rather sudden appearance plus its high amplitude 
later indicates probable cloud. S/N = 6 dB at 2 mi. 
H = 14.2 Kft. 

S/N = 12 dB at 2.6 mi. 

Signal disappears. 


34:23 


4330 

4342 


See Table 21 for SNR 
Signal disappears. 


22:34:33 4352 

4354 

4359 

4376 

4416 

22:52:01 4552^ 


52:47 4590 

4618 

4627 

4630 
4637 
\\ -4644 
V, 4650 
4666 & 82 


54:58 

4703 

55:29 

4705 

4706 
4708 
4710 
4729 

59:15 

4733 

4736 

4738 

4744 

4927 


4934 

4936 

4451 

23:00:23 

4966 

4988 

NOTES 



Backscatter return appears on A-acope, no RVl cor- 
relation. H ** 20, cp. - « 5-7®D» 

Slight signal on Snakes in frequency through 

~ 0.4 MHz. Doppler width ^0.2 MHz. 

S/N «s! 5 dB at 2,4 mi(A-scope), RVl signal at 3.2 mi. 
S/N 6 dB at 2 mi. 

Signal disappears. 


Signal appears at 9 mi, probably the ground because 
plane is beginning its descent for landing. 

H - 6.7, ~ 4-9°D. Doppler width 1 MHz. 

See Table 22° for SNR. 

Air backscatter also present, but 2 MHz away^f^O.S 
MHz wide. Data indicates wind speed of 20 knots, 
^ 20° from flight direction, which correlates wit^n 
observed doppler shift. \ 

Ground return disappears. Data indicates plane 
pull-up. Backscatter return continues. 

See Table 23 for SNR. H = 2.5, 

Second signal appears at 7 mi, appears to be a 
cXoud i il 3 *5 1 ^xnd 

S/N = 12 dB at 6.3 mi. Strong backscatter return. 
Second signal disappears,. 

Long backscatter return, to .v 
See Table 24 for SNR. 

S/N = 12 dB at 2 mi: from air. 

Second signal appears at 5 mi. 
start of turn. 

S/N “ 9 dB at 6 mi. 

Second signal disappears. 

See Table 25 for SNR. H = 3.6. 

S/N = 10 dB at 1.3 mi from air. 

Second signal appears at 5 mi. Data indicates 
start of climb (cp = 8.7ou), therefore probably 
cloud. 


6 mi. H = 3.5. 

H - 3.5 5°U. 

, Data indicates 


Second signal disappears. 

S/N = 11 dB at 2 mi from air. 

Second signal appears at 7 mi. 

Second signal disappears.^. 

Second signal appears at 6 mi, offset in frequency 
by 1.5 MHz, cp *= 0°, H = 1.6. Probably the ground. 
S/N = 22 dB at 4.5 mi. H = 1.4, cp^^^ = 0-2®D. 
Ground return disappears. 

Ground return reappears at 5 mi, offset from back- 
scatter return by 1.5 MHz. 

Ground return disappears. H = 0.6 Kft. 

END 


a. Sequence Camera started, 

b. SG clock time may differ from time GMT. SC photos are 1.2 seconds 
apart. 
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Table 

B8-1 

Table 

B8-4 

(Cleat 

air) 

(Clear air) 

-B- 

S/N 

-E- 

S/N 

(n.tni) 

. 



2 

12 

1.7 

17 

2.7 

7 

2 

15 

3.6 

5 

1 .. 3 

10 

4 

4 

1 4 

5 

4.7 

3 

-4.6 

3 

6 

1 



Table 

B8-2 

Table 

B8-5 

(Clear 

air) 

(Clear air) 

R 

S/N 

R 


1.7 

12 

1 

9 

2.4 

10 

1.2 

10 

3 

5 

1.5 

14 

4 

2 

, 1*7 

17 

5 

1 

2 ° 

17 



2.4 

15 



3 

11 

Table 

B8-3 

3.5 

9 

(Clear 

air) 

4 

6 

R 


4.5 

5 

4 

2 

1.7 

15 



2 

15 



2.4 

13 

Table 

B8-6 


3 12 (Clear air) 

4 5'= 

5 L 

1.8 14 

2.2 13 

2.7 11 

3.6 7 

4 6 

5 4 

6 2 
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■I'-W 






(1 


f 


Table B8-7 

(Ground, 

Edwards) 

SC Photo 

R 

S/N 

. " idBl 


in. mi.) 

2736 

15 

5* 

41 

14 

7* 

50 

12 

8* 

53 

11 

9 

56 

10 

11* 

67 

9 

12 

71 

9 

134- 

68 

7,5 


95 

7 

19* 

99 

6 

21* 

2805 

5.2 

22 

07 

5 

24* 

19 

4 

25 

21 

3.7 

28* 

23 

3.3 

29 

24 

3.2 

30* 

30 

3.1 

30 

33 

3 

30 

34 

2.5 

33* 

38 

2.4 

32 

43 

2.2 

37* 

44 

2.2 

38* 

46 

2 

41 


* 


Table BB-S 
(Cloud) 

SC Photo 

R 

S/N 

2888 

4.5 

9* 

94 

4 

12* 

98 

4 

13* 

99 

3.6 

14* 

2904 

3 

15* 

22 

3.5 

16* 

28 

2 

18 

37 

2.4 

19* 

39 

2 

20 

40 

2,3 

22* 

45 

2 

22* 

Table B8-9 
(Mountain) 

SC Photo 

R 


3026 

9 

17* 

31 

8.3 

IS* 

35 . 

8 

18* 

37 

7.6 

20* 

50 « 

6.5 

22* 

52 

6 

. 22 * 

57 

5.4 

27* 

62 

5 

26* 




!l c. 


* Plotted on graph 
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iSTKj*- .,a5S?aa^Lsv 




0 


13 




Table : 

B8-10 

Table B8-13 


(Clear 

air) 

(Dust clou^^?) 


R 

S/N 

g<Z Ph,g<?Q. ^ 

S/N 

1.8 

5 

3178 6 

12* 

2 

5 

82 5.5 

13* 

2.4 

3 

83 5.4 

15* 

3 ... 

0 

3204 4 

18* 



09 3.5 

18* 



17 3.2 

f ! 

19* 

Table 

B8-11 

■ I 

Table B8-14 


(Clear 

air) 

(Cloud-dust?) 


R 

S/N 

SC Piibto R 

S/N 

1.7 

6 

3238 5.3 

9 

2 

5 

46 3.3 

10 

2.4 

2 

53' 2.5 

13 

3 

0 

54 2.5 

18 



60 1.5 

20 



61 1.7 

25 


Table 

B8-12 

(Clear 

air) 

R 

S/N 

1.6 

8 


1.8 9 

2 8 

2.4 .5 - 


I) . 

w 

♦Plotted on graph 
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(Clear air) 

R S/N 

1.6 10 

2 8 

2.5 5 

3 3 

4 0 


(Clear air) 
R S/N 



Table B8-19 
(cioud)"^ 


if 

Photo 

R ", 

S/N 

« * 

4092 

3.3 

13 

W i 

96 

3 

14 


98 

2.7 

17 

01 


(Cirrus cloud?) 
R S/N 


/ Table 88-^21 
(Cirrus cloud?) 

* R S/N 

1.7 11 

2.3 " 9 

4 2 


i’-94 




({ 


Table 

B8-22 


Table B8-23. 

(Ground) 


1 (Clear 

axr) 

1 Photo 

R 

S/N 

R 

S/N 

4555 

7.7 

14* 

1.8 

8-10 

, 59 

7 

17* 

2.5 

5 

• 61 

6.5 

17 

3 

4-6 

65 

6 

19* 

4 

1 

68 

5.3 

20* 



70 

5.2 

20 



75 

0' 

21* 

Table 

B8-24 

r •p' 

78 XX 

//5.3 

21* 

(Clear 

air) 

80 

6.8 

20* 

R 

S/N 




2 

10 




^ 2 . 5 

8 




\ 3 

6 

n 




2 


O' 







Table 

B8-25 




(Clear air) 




R 

s/N 




1.7 

9 

- 



2 

7 




2.5 

5 


3 3 

4 1 

5 0 


♦Plotted on graph 
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CAT PLIGHT TEST DATA REDUCTION 
REVIEW OF SEQUENCE CAMERA FILM 


GMT® 

19;28j58 
(Run 3) 

■:,JJ 

29t33 


19; 29:49 


19:40:45 


43i34 

20:22:43 

(5) 


20:42;42 

(7) 

47:45 


21:19:28 

(9) 


22:35 

21:43:56 

(10) 


21:58:57 

( 11 ) 

59:51 

22:29:13 


SC Photo 

0080 

84 

108 

113 


327 

443 

470 

473 

584 

770 


819 

904 

9166 

1172 

1233 


1395 

1489 

1520 

1644 

1696 

1772 




II'' 


(■> 


PLIGHT B2 (15) , 1/12/73 

• /. 

Signal 

Ground return first sighfesjd at 180 U36c 
Correlation on A-scope 
S/n * 9 dflC at 140 laseco 
S/N * 14 dB at 134 (is®c 

Target starts receding and finally disappears 

Ground return first sighted" at 170 Msec 
See Table 15-1 for SNR 

Signal width r- 1 MHz, ^ 6®D®, V 340 knots, 

P si‘1.8 W .. 

Signal finally disappear;? (receiver out of saturation) 

>? 

Air backsgatter return,. H « 4, .7 Kft, « 2.20D, 

V « 278, jipparent Doppler width ^ 1 MHz 
S/N p* 4 dB at R s 20 Msec 
S/N = 8 dB at 20 Msec 
See Table 15-2 for SNR 

T.a a 4* 4* v*.a ea A 1 


Air bagk«SMtter tsturn, out to 25-30 Msec on RVI 
(satU|^ltlon much further) , occasional A-scope 
correlation 

H - lljfS Ifft, cp a 2.40U, V ~ 310 

S/N = I dB^'at 15 Msec"’ 

Last tea cel of backscatter return 

.f I \\ 

Grounqj return 

See T^ble l5-3 for SNR ' , I 

Still have trace of receiver saturation. SC 
off 

Ground Veturn First appears at end of scale 
(194 Msec) on RVI 

See Tabi^e 15-4 for SNR 

Apparent Doppler width 1 MHz, H = 16.5 V =• 316, 
cp .N, 60D 

SC turned off with trace of saturation 


Ground return First appears at 70 Msec. 

See Table 15-5 for SNR 
Last signal appeals 

Ground return at ~ 70 Msec 
See Table 15-6 for SNR 
Last signal (at R * 54 Msec), 

Signal appears at close range, looks like return 
from cirrus cloud. A-scope correlation. 

H = 38 Kft (up to 38.55), V = 366, cp ft* 20u 




n 

jl 




i : 

• i 

’ i 


]] 


if 



3 


I 





WCMT^ 

h 

h 


23:49:24 


SC Photo Signal 


1787, 9 

1788 

1796 

1797 

1814 

im9 

1836 

1839 

18726 


RVI signal out to end of scale (200 wsec) but 
may be receiver overload. 

Signal definitely out to 67 Msec 
See Table 15-7 for SNR 

Signal out to 80 Msec on RVI, perhaps to end of ,> 
scale, Doppler width 0 # 7 mz 
S/N « 16 dB at 20 Msec 
See Table 15-8 for SNR 
See Table 15-9 for SNR 
Last signal f 

Signal on A-scope at close range, looks like back- 
scatter (RVl obscured) . Appears on a few 
scattered photos - 1872-74, 92, 1901, 2, 7, 8, 
10, 14, 15, 20, 30-31, 40. Occasional correla- 
tion by RVI. (Gap in data sheet.) 


NOTES /) 

" 

a. SC clock time appears to differ from true GMT (as indicated on printed 
data sheets) by roughly a half minute. Time is read as Hr:Min:Sec 

b. Pitch angles are printed angles minus depression angle of laser beam. 

(1.50) 

c. Signal-tio-noise ratios are ratios of peak signal to peak noise. They 
are approximately 5 dB lower than peak signal to rms noise ratios 
which were originally read. 

d. R(Kft) - 0.5 X R(psec), R(n.mi.) » 0.081 x R(|asec) . 

e. Sequence Camera started. 
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: 

Detailed QpQcafeing Insti'uebiona and Syatom 
I Adjustmanb ami Proeesaor Use 

othQ CAT syatom 
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A. OPERATING INSTRUCTIONS 


Part . /I Turning the System On 

Van temperature should be between 65° and 75°F. Higher temperatures 
will cause misalignment of the and amplifiers as well as 

cause processer failure. f ^ 

Block the detector with the sighting mirror. The procedure for 
bringing the system up is as follows: 

A. Turn on the 400 Hz generator and transfer switch. This applies 
power to the racks holding the Honeywell laser supplies and 
syncronlzeri as well as the power amplifier drive circuits. 

B. Reset the syncronlzer. The syncronlzer is generally left on and 
starts up as soon as 400 Hz power is applied. Sometimes the reset 
may need pushing a little later If the processer is misbehaving 
or if proper screen current on the amplified' drive circuit cannot 
be attained. 

C. Turn on the Honeywell laser power supplies to standby and block 
the beam path at the laser, 

D. Tuxm on the pump and cooler for the system. 

E. Turn on the optical spectrum analyzer. 

. " " " racks power switches. 

" *' power supply for the telescope pyro detector. 

li) 

•I « '* power supply for the receiver (28V). 

" '* " power meter. 

" ” " locking loop and set to ground. Using tfee limit 

knob, reduce the voltage to about 300V. 

'• " " E/O power switch, 

” " RX power switch 

DO NOT turn on the detector bias. 


Much of Che above Is left on and will come on vlth the rack power, 

Turn on the -40V and Fll. »-450V (Power Amplifier Modulator Rack). 

Making sure the voltage control knob on the Universal Voltronlcs 
Rack is set to *'0V push the HV on button. 

Turn on the processer rack. 

” ” " monitor rack. 

Turn on jtUe computer (See manual) . 

Open exliaust door for system vacuum pump and turn on the pump. 

Fill the detector with tN^. 

After about 5-10 minutes of cooler operation, turn on the 
Honeywell laser. Ovcrvolting may be required. 

Turn on the Sylvania laser, making sure first that the detector 
is blocked with the sighting mirror. 

Wait about 15 or 20 minutes for lasers to stabilize. Use this time 
to position system on target and prepare for data taking, 


Adjust the tuning of the Honeywell laser (alignment) using an 
asbestos block and adjusting for maximum brightness at P20 (or 
desired transition). Use the lowest adjustment screw on back of 
Honeywell laser first and then the screw to the right if the spot 
can't be made bright. Do not adjust upper left hand screw (pivot 
screw). The lansing unit used to control the centering of the 
Honeywell laser is to be left off as this unit will not operate 
properly when the laser pulser circuit is on. Honeywell power 
output should be over 7 watts and the current drawn from the 
Kortheast supplies should be between IS and 21 mA» 

Tune the Sylvania laser (alignment) with about 300 volts set on 
the locking loop (grounded) using a Humber 3 Optical Engineering 
image plate and UV light. Tune for darkest spot P20 or darkest 
spot which is desired transition. 

Remove beam blocks from both lasers, turn up voltage on the locking 
loop to the maximum (limit knob) and switch from grounded to plosed' 
Voltage will sweep down and then up to around 400V or so where the 


lasers will become locked together end locked light will come on. 
Viewing the RF output on the speetrum analyzer below set to 
10 HHz 300 kHz BW| the video filter off, and in the zero position, 
a line will be visible that should be made as smooth and straight 
as possible by adjlListment of the loop gain. The injection controls 
on the locking loop will have no effect when the lanslng loop is 
off. Other controls on the locking loop should not be used. Do 
not adjus^. the gain knob beside the voltage limit knob. Check to 
see that only P20 or the desired transition is lit in the optical 
spectrum analyzer. 

P. Power amplifier operation is as follows: Turn on gas valve On tank, 

check to see there Is pressxtre reading on the high pressure gauge 
(tank) and the tube pressure should be between 12 and lA Torr. 

Q, Push on the 1600V on the power amplifier modulator rack. All 
voltages should read on the voltage monitor meter. Slowly increase 
the Universal Voltronics output control while watching the tube 
current and the screen current meters. Slowly increase the screen 
current drive knob as the voltage is increased. Do not red line 
the screen current. Operating voltage is 12 KV, a little over 
<60 nsA tube current, and a little under 20 mi aoresn current. The 
amplifier tubes will be lit, 

R. While watching the scope beside the synchronizer that displays the 
output pulse waveform and pulser waveform^ turn on the Spellman 
High Voltage Supply under this scope, As voltage comes up, a 
pulse shape should be seen on the scope. Decay slope should be 
smooth and regular. View the vertical output of the spectrum 
analyzer with the locking loop plugged into it on the upper scope 
in the monitor rack. This line should be straight and smooth. If 
it is not, the ball spider and/or the output power beam will need 
adjusting. Check to see that the beam leaving the diagonal mirror 
has a hole in the center of the beam. Use wax chart graph paper. 

Refer to waveform section for Step R and S. 

S, If the spectrum analyzer vertical output display (A-Scope) is not 
as in waveform section, adjust the ball spider by turning opposing 
tuning keys in the same direction. This will cause the ball to 
move up, down or sideways changing the A-scope display. Null the 
A-acope display so that the ball is centered on the/ secondary. 

(Look into the telescope primary.) The final tweek may be slight. 


o 
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Also check ixom tine to time dutiiftS thfi b&iX tweeking thet the 
wlcca ere not too tight* Loosen one key of the tight axle if 
thia la the case. Watch the A-scope display for* a minute or 
two to make sure the display does not change. 

Determine the output power hy placing a CRL power head between 
the telescope and system. Move the head around to find the 
maximum average power. Without moving the head have someone 
turn off the Spellman Power Supply and read the leatoge power. 
Subtract the leakage from the power and divide by the PRF to 
find the output In joules. Enter this va^ue In the log. Always 
nit* sure that the detector bias is off and the detector Is 
blocked when making this measurement. Check output power from 
time to time during calibration runs. Output power should be 
between 1.3 and 2.1 watts average power. 

Open detector up by ^folding down sighting mirror, ^ke sure ther^ 
is iJi n in the deteetd^ . Bias the detector by turning on the bias 
switch and turning up t^e control knob until the voltage reads O.a 
on the meter and the current reads two divisions before 6 mA. The 
local oscillator power may need adjustment to make the readings. Use 
only slight adjustments of the LO attenuator. A dark band should be 
aeen on the RVI display. 

Turn on the pulser and check to see that the pulse starts no more 
than 5 m s before the output pulse on the waveform scope. 

The system is npsi operational. For extended operation watch. 

the gas supply 

the waveforms and timing (check the A-scope by turning off 
the pulser only) 

the detector bias and cool 

the output power (after blocking the detector). 

Remember before you ‘make any changes to the system alignment or 
check power j remove the bias and block the detector . Make it a 
habit to always check that first. 

Avoid blocking the LO beam with your finger while adjusting the 
receiver. See system adjustment and processet use. 

In case of an emergency » refer to the Emergency Shutdown Procedure. 
Memorize it. 

Warning: Never push the reset or change pulse length of the 

output pulse or the PRF when the Spellman HV supply 
and/or the power amplifier supplies and modulator 


WAVEFORM SECTION II 


The following waveforms normal during system operation: 


Output pulse shape: 


Normal 





Output pulse shape: 


Wrong 




yVyvvw 



Troubleahootlng Case: 


1. Check optical spectrum analyzer to see that only P20 
or desired transition Is lit. Retune the lasers for 
brightest spot and relock the lasers . Check ampli- 
fier alignment . 

2. Check amplifier alignment and alignment of ball using 
A-scope display, if okay, retune lasers. 

3. Check A-scope display and adjust ball. Check ampli- 
fier alignment. May need to retune lasers. 
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Moi«aI 


(Sync puliB) 


Vertical output ot apectrun analyzer 
(10 dB log) 


Also normal: 


very slight bump 


Also normal: 


if 



Wrong : 


Adjust spider ball 

< — — “ 

May also require 
adjustment of lasers 
and output beam 



outgoing pulse 


The following condition in the RVI displsy will requite retuning of 
the Honeywell laser and will probably show up in the output pulse shape 

as Cass 3. 


Nomal: 



Wrong : Realign Honeywell 



The following display will be seen with 40 dB or less attenuation if the 
pulser is off . n 




RVI Dlaplay Continued 


The following display will be seen if the pulser voltage Is too low; 


Patches 





Check pulser timing or pulser 
timing jitter if the following 


„ Jlsolav. ij 

p seen 



w 

Hard target signal 

moves from zero 

1 i 



t? 


Bad case of low pulser voltage. 
Check pulser display below 
output pulse display. 


Hard target signal moves or 
jitters from zero most commonly 
down. Also seen on IVl. Try 
turning off, then on, pulser 
and resetting timing. 



RVI Display ConCinuedj 


If RVI df/ktplay goei; to a straight bright line, turn off the 5 volt supply 
(gray panel with switch) and turn on again. 

If RVI display and IVI display jitter; 



Push the ayncronirer reset. 


Warning ; Never push the reset or change pulse length of the 

output pulse or the PRF when the Spellman HV supply 
and/or the power amplifier supplies and modulator 
are on. 
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Spot Sh«pe of Output Pulse 


B«for« telepcope: 





After Diagonal: 



Danger ; Never adjust the amplifier alignment when you 
are not watching an Image on a plate. 


Power density of the beam at the telescope output 
eye safe. 



() 


B. SYSTEM ADJUSTMENT AND PROCESSOR USE 


Th« following relotoi iome detnll on syetem ndjustmenti and uae of the 
pKOc«ia«r for naklng signal and noise measurements. 

A. System Adjustments . Refers to Steps R and S of Operating Instructions 

Alignment of Output Beam through the Telescope 


If the telescope should become misaligned so that the beam does not 
•trike the diagonal properly or falls on the center of the secondary, 
proceed as follows; 


(a) Check the alignment of the amplifier using a No, 7 optical 

engineering plate. Move the beam around to find the extremes 
of the aperture and center the beam. Using a No, 7 plate, 
see that the shadow of the hole in the diagonal, after the 
beam leaves the diagonal, is centered on the beam. If it is 
way too high or low, beyond slight adjustments of the amplifier 
alignments, then the telescope height adjustment must be made, 
This is done with the two vertical leveling screws at either 
edge of the mounting bracket en the telescope. Lock the screws 
up after the adjustment is made. If the shadow of the hole is 
to the right or left, slide the diagonal in and out to adjust. 
The diagonal will also \^tate which will allow up, down adjust- 
ment of the beam on the secondary. To center the beam on the 
secondary, hold the No. 7 or No. 8 plate in front of the 
secondary and view its reflection in the primary mirror, Rotate 
the diagonal until the beeua is centered up, down. Left, right 
adjustment is made using the horizontal spider holding the 
diagonal. Grasp the bolt on the outside of the telescope and 
slide it forwards or backwards. The spider ball should fall in 
the shadow of the diagonal hole. 

Never attempt to adjust the secondary mirror spider or focal 
position. This will destroy the telescope colllmation. 

Laser Alignment 


(b) Prior to locking the two lasers together, careful adjustment 
of the laser's alignment Is required to achieve full output 
power as well as avoid misalignment of the Honeywell beam into 
the amplifier tubes. The system alignment is going to be best 
at P20. Using a block of asbestos blocking the Honeywell beam, 
view the intensity of the glowing spot. Experience will tell 
.how bright it should be. As the lower left hand adjustment on 


the Honeywell is moved, the Intensity of the spot will change 
and may go faint to bright again. There are two major bright 
points as the laser la tweeked. One is P20 and the other is P22. 
As the spot is brightened up by laser tweeking, check to see that 
P20 shows on the optical spectrum analyzer. If it’s not, rotate 
the adjustment very slowly, causing the spot to go faint, then 
bright again. Check for P20. If the spot does not get bright 
again, reverse direction and check at each bright point for the 
P line. Peak up the spot intensity on P20. 

T^he Sylvania l§£:er alignment should be done with 300 volts set 
o.i the locking loop in the grounded state. Use a No. 3 plate and 
UV light to yiew the spot. Carefully tweek the laser's uppermost 
screw until the spot is darkest on the plate. Check for P20. If 
it's not, try again. Use the other adjustment screws if required. 
Removing all the beam blocks and UV light , turn up the locking 
loop voltage limit knob and close the loop. The lobp should lock 
a little above the voltage set originally during laser tweeking. 

Receiver Alignment Check Part (d) first 

(c) If maximum signal to noise Is critical and/or if calibrated 

targets are not producing expected signals, a slight change in 
receiver alignment might be required. In general, tweeking of 
the receiver gains only 1 or 2 dB increase in signal if it was 
off a bit. Tweeking may be done on the wind or target signal. 

In general, it's easier on the wind signal until beam absorption 
causes signals so small it's hard to see wind on the RVI display ;j._, 
When wind is visible, while watching the RVI display, rotate the^^ 
uppermost adjustment on the recombining beam splitter until the 
signal is the brightest and extends the farthent on the RVI. 

Repeat the adjustment on the uppermost adjustment knob of the gold 
„ mirror between the brewster plate and beam splitter. Tweek the 
knobs no more than one-half turn either way from their original 
position and use fairly rapid motions at first to see visible 
changes on the RVI. Caution ; Don't let your fingers slip off 
the knob of the beam splitter into the local oscillator beam. 

Loss of LO while bias is applied to the detectoR is not good. 

Do not attempt to align the receiver on a faint signal. It's 
easy to get lost and end up with a totally misaligned receiver. 

On target signals, apply attenuation until the signal on the 
RVI begins to fade. While watching the signal, tweek the 
receiver for maximum' brightness and least flashing. 


Receiver Alltinraent aEter Telescope Removal (\ 


(d) This procCditt's is used aEter .amplifier alignment most often 
because the brewster plate has been removed. After replacing 
the brewster plate to its original reference marks, and while 
the isolator wafer is still out of the ma0ne^ assembly# adjust 
the plug-in half wave plate for the modulator \\until maximum 
power leaves the modulator, (This would already have been 
done during umpliflor alignment.) Tweek the amplifier until 
the CW beam (amplifier off) is centered, leaving the brewster 
plate. Attach the short rail to the front of the system where 
the telescope bolts on and put the 20"fl lens on the rail. 
Position the spinning sandpaper target at ^5“ to the focused 
beam and 20" away. Adjust the position of the lens to center 
it on the beam. Focus the beam on the target while the target 
is spinning. ‘View the output of the receiver signal on the 
spectrum analyzer. It should be above or below 10 MHz depending 
on Che direction of rotation, Tweek the receiver for maximum 
\ signal Co noise. The CW power leaving the amplifier tubes will 
be about I watt. The signal this should produce on the spectrum 
iinalyzer will be about -9 dBm. Noise should be -7B dBm, To find 
receiver efficiency, use the following equation t 


efficiency 


—11 

8.52 X 10 10‘ 

Power CW 


Where S » the sum of the noise and signal divided by 10, 

To find dB of receiver losses, take the log of the above equation 
and multiply by 10. 


Never forget to return the modulator half wave plate to its 
original position where about 50 to 70 milliwatts leave the 
modulator CW. The wafer will be damaged if CW power exceeds 
100 mW. Make this adjustment while the magnet assembly is out 
of the system. The above measurement is made with the magnet 
less the wafer in the system. After the wafer had been returned 
to its assembly and the half wave plate has been readjusted and 
removed from the modulator, replace the isolator Co its position 
in the system against its hard stops. With the amplifier tubes 
on and the modulator on, tweek the output beam until the beam 
is centered . 

Amplifier Alignment 


(e) Remove the isolator and take out the wafer. Reassemble the 

isolator without the wafer ^dd replace the magnet assembly into 
the system. Make sure that the beam is aligned through the 


modulator t For this the modulator half wave plate will need 
adjusting for maKimum tranamlsalon« Hake sure the beam enters 
and leaves the centers of the Isolator tubes and la aligned 
through the aide stepping mirrors , Using fch« mirror adjust- 
mentSi steer the beam into the beam expander and get the beam 
to pass through on axis. The boar, expander should not need 
to be moved around unless it has been bumped so hard it was 
relocated. Uurlng this alignment, go slowly and think out 
each stop to achieve a beam on axis end. Wlien the beam is 
aligned up to and through the expander, tape a small piece of 
wax paper to the output polnflxer of the modulator and allow 
the CW beam to pass for a frhetion of a second to mark the 
paper. Avoid burning the paper and causing smoke. Go to the 
receiver end of the system and remove the receiver electronics, 
the quarter wave plate and brewster plate. Align the cathatometer 
so that the cross hairs track the optical axis dowt\ the amplifier 
tubes as it's focused close to and far away looking into the 
output tube. <”vV 

This alignment may take some time and require placing pointers 
at the amplifier input to see where the axis is. Wlvile shining 
a light on the wax paper target at the modulator, focus the 
cathatometer on this target} with luck, it will be visible, and 
the spot probably off to the side, Wlillo watching the spot, 
have someone adjust the four X and Y axis adjustments on the 
input mirrors to the amplifier. These adjustments should be 
made difforontj:;^'. Go beyond with one X axis adjustment and 
bring it back^ith the other X axis adjustment and so on. 

Wlicn the spCt looks centered, remove the target and let the 
beam pass tlirough the amplifiers. See if It looks good coming 
out of the amplifiers and make small adjustments to the input 
mirrors to achieve this. Xf it can't be made to come through, 
try again. Cross hairs over the input amplifier tube aperture 
may help. When the CW beam looks good leaving the amplifier, 
go to Part (d) Receiver Alignment after Telescope Removal. 

o 

processor Use 

(f) This section provides guidelines to achieve consistent results 
when making slgnal-to-noise measurements on the IVX display, 

XVI scope should be set to 0.5 V/div, Processor should be set 
to 0.25 Sec. integration period, 25 pulse integrations* 

Set the range pointer to the target range desired. The deflection 
of the IVX display is to be measured. Check that the rero lies 
one div. up from the bottom, using the scope input ground switch. 


\ 
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The dcsiretj deflection (peak) Is to the center line. 
Attenuation vili be used to achieve this. When the 
signal peaks fall constscently on the third division 
up from zero (watch for a few minutes) , record the 
attenuator settings. 

Move the range pointer out to where there is no signal on 
the RVI (around 100^ S) and remove attenuation until the 
holae floor is centered on the IVI display. Record this 
attenuation value. If the RVI display goes to a line, turn 
off, then on, the 5 volt supply. If any display does not 
look normal, push the reset on the syncronizer. Never do 
this when the modulator and/or power amplifier are on. See 
the detailed operating instruction, RVI display, on the 
wave form section. 
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